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“At that point, the happiest thought of my life came to me in the following 
form: the gravitational field has only a relative existence. Thus, for an 

observer in free fall from the roof of a house, there exists, during his fall, no 
gravitational field.” (1)  

ALBERT EINSTEIN (1919) 
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Abstract 
 
One in two persons will be diagnosed with cancer in their lifetime, and cancer will soon be the 

leading cause of death in Europe. New treatment options are needed, which only a deep 

understanding of the disease can provide. When exposed to microgravity conditions, cancer 

cells show changes in their malignant properties. However, an explanation for the differences 

observed is missing. Therefore, a new model explaining microgravity's molecular effects on 

human cells is necessary. This doctoral thesis discusses that the gravity vector does not directly 

affect cell physiology. The thesis also investigates the physiological role of ESA Ground-based 

facilities for microgravity simulation. Multiscale models of tissue mechanobiology are essential 

for understanding the role of microgravity in biological systems, as it seems that the immediate 

surroundings of a cell within a 3D environment override external gravitational stimuli.  In this 

work, I investigated the effects of simulated microgravity on different thyroid cancer cell lines, 

such as epithelial thyroid cells and follicular thyroid cancer cell lines with metastatic origin. 

Endothelial cells are also important in this thesis, as they possess more mechanosensitive 

capabilities. Cancer cells exposed to the Random Positioning Machine (RPM) commonly cluster 

forming spheroids; however, an explanation for the formation process is unclear. In this thesis, 

a 2-step process is identified: 1) The cell detachment caused by fluid flow dynamics generated 

as a secondary effect in the RPM. 2) The free-fall obtained in simulated microgravity devices 

facilitates the aggregation process. Future cancer studies in microgravity conditions should be 

based on 3D tumor models to provide better insights into the role played by gravity unloading 

in cancer progression.  
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Abbreviations 
 
Abbreviations Meaning 
2D Two-dimensional 
3D Three-dimensional 
A549 Adenocarcinoma human alveolar basal epithelial cells 
AD Adherent cells 
ALL Acute Lymphoblastic Leukemia 
Appx. Appendix 
ARHGAP Rho GTPase Activating Protein 1 
ARHGEF Rho Guanine Nucleotide Exchange Factor 1 
BMI Body Mass Index 
CAF Cancer-Associated Fibroblasts 
CO2 Carbon dioxide 
CONAHCYT Consejo Nacional de Humanidades, Ciencias y Tecnologías 
DEX Dexamethasone 
DNA Desoxyribonucleic Acid 
dyn/cm2 Dynes per square centimeter 
EA.hy926 Somatic hybrid cell line (fusion of A549 cancer cell line with Human 

umbilical vein endothelial cell line) 
ECM Extracellular matrix 
FN1 Fibronectin 1 gene 
FP Filopodia 
FTC-133 The metastatic cell line of a follicular thyroid carcinoma 
GLUT3 Glucose transporter-3 gene 
HIPPO Salvador-Warts-Hippo pathway 
HUVEC Primary Human Umbilical Vein Endothelial Cells 
ICU Intensive Care Unit 
CXCL8 Interleukin 8 gene 
ISS International Space Station 
LATS Large Tumor Suppressor Kinase 1 
LINC Linker of Nucleoskeleton and Cytoskeleton 
LP Lamellopodia 
MCF-7 Michigan Cancer Foundation-7 breast cancer cell line 
MCS Multicellular Spheroid 
ML-1 Human cell line derived from a dedifferentiated follicular thyroid 

carcinoma relapse 
MLCK Myosin-Light-Chain-Kinase 
MLCP Myosin-Light-Chain-Phosphatase 
mPa Millipascal 
mRNA Messenger RNA 
mTOR Mammalian target of rapamycin 
MUC-1 Mucin-1 gene 
NASA National Aeronautics and Space Administration 
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NF-kB Nuclear Factor Kappa B 
NIH National Health Institutes 
nM Nanomolar 
NMII Non-muscle myosin II 
NOX4 NADPH oxidase 4 gene 
p38 p38 mitogen-activated protein kinase 
PDZ Postsynaptic density protein (PSD95), Drosophila disc large tumor 

suppressor (DlgA), and zonula occludens-1 protein (ZO-1) 
RCCS Rotatory Cell Culture System 
RhoA Ras homolog family member A 
RNA Ribonucleic Acid 
ROCK Rho-associated protein kinase 
ROS Reactive oxygen species 
RPM Random Positioning Machine 
RWV Rotating Wall Vessel 
SANS Spaceflight associated Neuro-Ocular Syndrome 
SRC Proto-oncogene tyrosine-protein kinase Src 
T25 T-25 square centimeter cell culture flask 
TAZ Transcriptional coactivator with PDZ-binding motif 
US United States 
VEGF Vascular Endothelial Growth Factor gene 
WRO Human follicular thyroid carcinoma cell line 
YAP Yes-associated protein 1 
YLL Years of Life Lost 
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2.- Hypothesis 
 

The three main hypotheses for this doctoral thesis are: 

• The fluid shear stress generated in simulated microgravity bioreactors, like the Random 

Positioning Machine (RPM) or 3D clinostats, can significantly impact the biological 

activity of an adherent cell population exposed to simulated microgravity. 

• The spheroid formation process of cancer cells exposed to the RPM as an adherent cell 

population is a 2-step process: 1) First, some adherent cells detach and continue to 

grow in suspension; 2) Then, the suspension cell population starts to aggregate.  

• Fluid shear stress is the most probable cause of cancer cell detachment from the 

adherent cell population exposed to the RPM. Microgravity exposure facilitates the cell 

aggregation process. 

The experiments in real and simulated microgravity constantly showed changes in the 

cancer cells' malignancy features, and the observed effects are ascribed to the simulated 

microgravity condition. However, free fall is absent in the experiments performed with 

adherent cells on the RPM. The recent findings from the mechanobiology field can help to 

explain how our cells sense and adapt to mechanical forces in simulated microgravity devices.  

3.- Aims and questions asked 
 

This study aims to understand the physiological role of ESA ground-based facilities for 

simulated microgravity, particularly the RPM, for in vitro experiments with human cells and to 

define the best possible use for simulated microgravity bioreactors in human cells. Different 

research groups investigate its applications and use (2), but the results obtained in them are 

difficult to translate into space medicine applications. Those devices will continue to play a role 

in planning future space experiments; however, researchers need to understand the 

mechanism of action of these devices, including their disadvantages, to provide a correct 

interpretation of the results. Finally, a further goal of this thesis was to try to determine a 

gravisensor system for human mammalian cells. 

In microgravity research, two open questions remain unsolved: 

1) Why do metastatic cancer cell lines form spheroids when cultured under RPM 

conditions? 
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2) Can the exposure to microgravity explain all the effects observed in cells cultured on 

the RPM?  

The integrative question is whether the cells cultured in the RPM as adherent cells feel 

simulated microgravity conditions. 

Since the development of simulated microgravity bioreactors, it is assumed that when 

culturing a cell line on the RPM, the cells are in a state that approximates microgravity due to 

the randomization of the gravity vector. However, experiments performed with cancer cells in 

simulated microgravity bioreactors do not provide homogeneous results. Therefore, it is at 

least debatable that microgravity is the cause of all the changes observed in the cells. 

Therefore, a new model for the interpretation of results obtained in simulated microgravity 

bioreactors was investigated. 

 

4.- Introduction 
 
4.1. Cancer 

The origin of the name “cancer” for this disease was ascribed to Hippocrates (ca. 460- 

ca. 370 BC), who used the word carcinos and carcinoma. Those words mean crab in Greek and 

probably refer to the shape the tumor can take with the finger-like spreading (3). Cancer is a 

disease affecting humans for over 200 million years (4). The first evidence of cancer treatment 

was found in an ancient Egyptian text more than 5,000 years old, which describes the 

cauterization of breast tumors, and it mentions that the disease was incurable (5). Nowadays, 

the 5-year survival rate of patients with breast cancer can reach up to 90% in highly developed 

countries.  

Cancer does not consist of a single disease entity that can be treated in general, but is 

a group of diseases with some common characteristics (6). There are more than one hundred 

types of cancer, and the number of subtypes increases if molecular classification is considered. 

Therefore, there is no universal curative treatment for cancer. Molecular classification can also 

complicate the previous classification because tumors of different tissue origins may share 

similar genetic characteristics, and therefore, similar treatments can be implemented (7).  

 

4.1.1. Epidemiology  
Cancer will soon be the leading cause of death in Europe (8). In most countries, cancer 

is either the primary or second most common cause of premature mortality (9). As the world 
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population demographics are changing, the number of people who reach an older age 

increases as well as their risk of developing cancer.  Around one in two people will be 

diagnosed with cancer during their lifetime (10). In 2022, the cancers with the highest 

incidences were lung cancer (2.48 million new cases per year worldwide), breast cancer (2.30 

million cases), and prostate cancer (1.47 million cases). However, the most common causes of 

death by cancer are lung (1.82 million deaths per year worldwide), liver (759,000), and breast 

cancers (666,000) (11). There is a need to offer a better treatment to reduce mortality and 

provide an earlier diagnosis. Recent projections for the United States estimate that in 2024, 

there will be 2,001,140 new cancer cases and 611,720 cancer deaths, according to the 

American Cancer Society (12). 

In the medical literature, cardiovascular diseases are commonly referred to as the 

leading cause of death; however, cancer has the most significant toll on society. A better 

representation of a disease's burden on society is the index years of life lost (YLL), which helps 

to describe how a particular disease shortens patients’ lives. The most recent estimate for 

cancer is 15.2 YLL per person diagnosed with cancer in the US (13). In Germany, the YLL was 

estimated by the BURDEN 2020 project at the Robert Koch Institute, and of the total of years 

estimated to be lost in the population in 2017, tumor/neoplasms represented 35.2%, followed 

by cardiovascular diseases with 27.6% (14). 

 

4.1.2. Cancer features  
As cancer research expanded and consolidated, more features were discovered among 

the diverse types of tumors. Surprisingly, different tumor types shared some characteristics. 

Hanahan and Weinberg described the six hallmarks of cancer, where they provided principles 

that help understanding this complex disease (15). This work was further updated in 2011 (16) 

with eight hallmarks and two enabling characteristics, which are evading growth suppressors, 

avoiding immune destruction, enabling replicative immortality, tumor-promoting 

inflammation, activating invasion and metastasis, inducing or accessing vasculature, genome 

instability and mutation, resisting cell death, deregulating cellular metabolism, and sustaining 

proliferative signaling. In 2022, 4 enabling characteristics were added: no-mutational 

epigenetic reprogramming, polymorphic microbiomes, senescent cells, and unlocked 

phenotypic plasticity. (17)  
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4.1.3. Pathogenesis and Metastasis 
The leading cause of death in cancer patients is metastasis (18). Metastasis is the 

growth of cancer cells in a site distant to the organ from which it originated (19). The metastatic 

outgrowth can affect different organs, and the tumor mass overwhelms the organ's 

functionality. Patients with metastatic disease are primarily incurable. However, metastasis 

formation is a multi-step process, and cancer cells must overcome a series of complicated 

challenges to colonize a distant organ  (20). 

There are two main ways for cancer cells to reach a distant organ: lymph nodes and 

blood vessels. Also, there is the option that cancer cells directly invade the adjacent tissues. In 

venous metastasis, the cell has to survive harsh conditions inside the circulation through the 

tumor vasculature and bloodstream; in fact, most cells succumb during this process, and only 

a few can expand and colonize distant body regions (21). 

The typical steps for the formation of a cancer cell metastasis are: 1) Cancer cells from 

the primary tumor become motile and invade the adjacent extracellular environment. 2) Once 

inside the extracellular space, cancer cells must migrate and degrade the ECM to enter the 

lymphatic vessels. 3) Cancer cells must survive compression forces when entering the 

lymphatic vessels. 4) The cancer cell must adapt to the different nutrient compositions inside 

the lymphatic system (22), which differs from a blood vessel rich in nutrients. 5) Finally, the 

cancer cell must survive the shear forces on the lymph node in the range of 10-20 mPa (23), 

which is caused by the pumping of lymph fluid back into the central circulation. Human cells 

can feel and react to these small shear stress values, called “low-shear stress” and it has been 

reported, that it might increase the cell motility via an activation of the Piezo 1-YAP axis (24) 

Lymph nodes constitute the most common metastatic site in cancer patients (25). In 

the lymph nodes, the cells of the immune system can detect cancer cells and, most of the time, 

eliminate them. The presence of metastatic lymph nodes is of great prognostic significance. 

For example, in patients with triple-negative breast cancer, the 5-year overall survival (OS) in 

node-negative patients is 80%, and this survival is reduced to 44% in patients with 10 or more 

positive nodes (26). 

 

4.1.4. Cancer cell lines with metastatic origin 
Cancer research involves the use of established cell lines. These cell lines have been 

isolated from cancer patients. It should be noted that a cell line isolated from a metastatic 

lymph node differs from a tumor cell line isolated directly from the primary tumor. The former 
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has undergone a selection process within the human body, enabling it to colonize the lymph 

node. The process involves the acquisition of new mutations and gene rearrangements that 

allow the cell line to survive in the new environment, and this cancer evolution theory was 

suggested as an explanation for how a tumor evades treatment (27). 

 

4.1.5. Cancer cell microenvironment 
Cancer cells are surrounded by the tumor microenvironment, which is composed of an 

extracellular matrix (ECM) and stromal cells. This cancer cell microenvironment can determine 

outcomes in cancer patients (28). In a tumor, the presence of cancer-associated fibroblasts 

exerts essential effects on the cancer cells, and a CAF-related gene signature was shown to be 

predictive of survival and drug response in patients with colorectal cancer (29). The 

microenvironment can regulate the cell behavior at the new metastatic site, especially the 

mechanical properties of the new colonized tissue (30). It can influence primary tumor growth, 

chemotherapy resistance, migration capabilities, and the potential to establish a secondary 

metastatic site (30).  

 

4.1.6. Mechanobiology  
Human cells are mechanosensitive and adapt to tissue stiffness. Cells do not translate 

mechanical signals into dedicated intracellular pathways but use the same pathways of other 

biochemical signaling. This leads to a crosstalk between metabolism and mechanobiology, 

which is of significant importance for the cancer cell metastasis process (31). 

Mechanobiological signaling can influence the cells up to the extent of hormones and 

cytokines, and the field of mechanobiology has been recently the focus of extensive research.  

One interesting application of mechanobiology involves mesenchymal stem cell research, 

where stem cells can be directed to differentiate into either bone or fat tissue depending on 

the stiffness of the matrix over which the cells are cultivated (32). Figure 1 shows the various 

degrees of stiffness of different body tissues in comparison to the typical materials used in cell 

culture laboratories (33).  
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Figure 1.- Mechanobiological properties of the different tissues, redrawn from Cox et al. (33). Pa: Pascals 

Mechanobiology plays a significant role in cancer. The mechanoreceptors can detect 

changes in mechanical inputs, influencing key pathways for cancer cell growth, survival, 

angiogenesis, invasion, and metastasis (34). Mechanobiology could be used to understand 

how dormant cancer metastases can survive by seeking environments characterized by 

softness. A soft ECM promotes the dormancy state of the cells, whereas a stiff 

microenvironment activates the proliferative state. This matrix-driven dormancy is a reversible 

process (35). Also, specific organs like the bone marrow can act as reservoirs for dormant 

cancer cells, which later provide further metastases to distant organs (36).  

The cancer cell originates from a stiff tissue like the original tumor site, which is more 

metabolically active because of its rigid stiffness. Therefore, typical chemotherapeutic drugs 

can target them. However, once they are in the soft tissue, this metastasis is no longer 

metabolically active and therefore can evade chemotherapy. This difference explains why 

metastatic seeds are observed in soft organs like the lungs, brain, liver, and bone marrow and 

complements the cancer metastasis “soil and seed” hypothesis by Paget (37). Also, the 

stiffness of the ECM surrounding the cancer cells plays a critical role in cancer progression (38), 

and the cancer cells' ability to adapt to the stiffness of the ECM is related to the invasive 

potential of the cells (39).  

 

4.1.7. Thyroid cancer 
In cancer research in space, one of the most used cell lines is the thyroid cancer cell 

line FTC-133. Thyroid cancer is not a singular disease. Histologically, the classification divides 
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thyroid cancer into follicular, papillary, medullary, and anaplastic types. The classification also 

recognizes four stages for the disease, depending on the type of lymph node invasion and the 

presence of metastases. Until recently, a molecular classification of the disease was missing. 

The FTC-133 cell line used in this work is a follicular thyroid cancer cell line isolated 

from the lymph nodes of a patient with stage IV disease. It is a highly advanced and specialized 

cell line. It may be considered that the FTC-133 cell line should not be referred to simply as a 

follicular thyroid cancer cell line, and according to a recent molecular classification, this cell 

line shares molecular characteristics of anaplastic thyroid cancer (40). The mutations can 

explain the more aggressive behavior (41). Thus, the term anaplastic-like cancer cell type 

better describes the FTC-133 cell line.  

 

4.2. Microgravity 
 

Because of Earth’s mass of ~6 × 1024 kg, objects on the planet’s surface are accelerated 

toward its center with a gravitational force of 9.81m/s² (42). Research in space represents the 

gold standard in microgravity research. However, astronauts aboard the International Space 

Station (ISS) in low Earth orbit at an altitude of about 350 km, are still exposed to 88.8% of 

Earth's gravitational field. Therefore, an alteration of the gravitational field is not the reason 

for all the observed changes in space travelers. What is then microgravity? In plain words from 

NASA, the state of microgravity occurs when an object is in free fall. Free fall is the movement 

of a body in which no forces other than gravity act on it (43). Therefore, weightlessness can be 

achieved by dropping objects in free fall in a vacuum environment.  

 

4.2.1. ESA ground-based facilities for simulation of microgravity 
Experiments in real microgravity are expensive and scarcely available. Different platforms have 

been developed to provide scientists on Earth with experimental conditions similar to real 

microgravity. This includes the clinostats, random positioning machines, and magnetic 

levitation. The ESA ground-based research program provides scientists access to experimental 

capabilities, aiming to serve as preparation for their space experiments (2).   

The clinostat and the RPM are based on changing the perceived gravity vector direction 

over time by rotating the sample around one or more axes in space. This idea has been used 

to simulate the effects of microgravity on human cells or other systems, such as plants or 

bacteria (2). Researchers can simulate the free-fall effect on Earth using the correct 
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microgravity simulator. For example, using the Rotating Wall Vessel with a cell suspension 

inside, cells can experience microgravity. One of the best examples is the ClinoStar from 

CelVivo, for which researchers can optimize the speed of rotation according to the size and 

weight of the object, maintaining free-fall for a more extended period. Table 1 gives an 

overview of advantages and disadvantages of the simulated microgravity devices (figure 2): 

Table 1.- Comparison of different microgravity simulating devices. 

Device Mechanism of action Disadvantages 

1.- Rotating Wall 

Vessel (RWV) 

Constant rotation of the bioreactor 

allows the perpetual free fall of 

the cellular aggregate contained. 

Constant flow of medium around 

the cells. 

2.- ClinoStar by 

CelVivo 

An improved version of RWV with 

control over speed depending on 

the size of the cell aggregate. 

The bioreactors are small 

compared to a T25 cell culture 

flask. 

3.- 3D Clinostat Constant rotation in the 2 axes 

averages the gravity vector to 

microgravity levels. 

High shear forces are generated 

according to the mathematical 

modeling of Wüest (44). 

4.- Random 

Positioning 

Machine (RPM) 

A 3D Clinostat with an improved 

algorithm that allows a random 

direction and speed of rotation. 

Mimic microgravity responses for 

several but not all experimental 

conditions.(2) 

5.- Magnetic 

levitation 

A magnetic force is used to 

counterbalance the gravitational 

force (2). 

Verification and final validation 

need comparable experiments in 

real microgravity. 

 

 
Figure 2.- Simulated microgravity platforms. A. A Clinoreactor from the ClinoStar. B. An RWV. C: The RPM. 
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The Bonn Criteria were developed to standardize simulated microgravity experiments 

(45).They define a minimum set of physical parameters of the culture device and cell culture 

conditions to be reported in clinostat and RPM experiments. The list of parameters is shown 

in Table 2 (45).  

Table 2.- Bonn Criteria [56]. Minimum set of parameters to be reported in clinostat and RPM 
experiments. The parameters marked with an * are exclusive for an RPM experiment. 

Properties of the culture vessel, culture media, and carrier beads. 

Dimensions and rotation speed of vessel. 

Chemical consistency including density and viscosity of media 

Size, density, and porosity of beads and same features for the cells 

Whether cells are motile or non-motile, 

Density of beads with cells attached 

Time of rotation and nature of controls 

Operating temperature and Gas content 

Angular velocity of rotation * and Highest angular acceleration * 

Operating mode (random, centrifuge, clinostat in RPM or freely programmable mode) * 

 

4.2.2. Cancer Research Under Microgravity Conditions 
When exposed to microgravity, cancer cells show substantial alterations in genes and 

proteins related to the main features of cancer, such as adhesion, invasion, angiogenesis, and 

proliferation (42). In 2021, I attempted to adapt the "Hallmarks of Cancer" to cancer space 

studies and created figure 3, which summarizes the current knowledge about the effects of 

space conditions on cancer cells (46).  
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Figure 3.- Summary of the features of cancer that are affected by space conditions (Taken from Cortés-

Sanchez et al. [46]). 

However, it is exceedingly difficult to draw a general conclusion about the effects of 

microgravity on cancer progression because: 

a) The general effect of microgravity on human cells has not been determined.  

b) It is unknown which molecular mechanism explains the observed changes. 

If a mechanism can be identified, such as the pathway responsible for the changes observed 

in cancer cell features, some new weaknesses in the cancer cell will be discovered and may 

be a potential target for a future drug.  

A typical simulated microgravity RPM experiment with adherent cancer cells consists of: 

1) An adherent population of cancer cells is cultivated in standard T25 cell culture flasks 

for 24 h. The cells grow as an adherent cell population and, after hours, are rigidly 

attached and start to proliferate. 

2) After 24 h of seeding, the flasks are completely filled with cell culture medium and 

subjected to simulated microgravity exposure on the RPM. 

3) After at least 24 h of rotation in the RPM, the initial adherent cells divide into two 

different cell populations: the original adherent cell population and some floating cell 

aggregate, called spheroids, of cancer cells growing in a 3D organization.  
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4) After gene expression and protein analyses, these two cell populations show apparent 

differences in molecular markers for cancer progression. 

An explanation for the origin of the multicellular spheroids (MCS) is lacking in the current 

medical literature. Therefore, I investigated the possible causes for the MCS formation through 

the perspective of mechanobiology (figure 4). 

 
Figure 4.- Representation of the MCS formation process on the RPM. FP: Filopodia, LP: Lamellopodia, VEGF: 

Vascular endothelial growth factor, ECM: Extracellular matrix. (Taken from [46].) 

The spheroids formation process occurring on the RPM is often presented as a 

metastasis model for cancer. Providing a good understanding of the environment, the RPM 

generates, this bioreactor represents a viable study model. In this work, it was attempted to 

contribute to the understanding of the primary signaling pathways cancer cells activate in the 

RPM experiments. Cells cultured in the RPM showed interesting changes regarding 

angiogenesis, invasion, and proliferation; however, the results are never homogeneous 

between the different cell types. Figure 5 shows the ClinoStar (A) and the iRPM (B). The 

spheroids obtained from a ClinoStar- and an RPM-exposure of FTC-133 follicular thyroid cancer 

cells are shown. 
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Figure 5.- A) Preparation of multicellular spheroids using the Celvivo Clinostar and B) the iRPM. C) Confocal 
laser scanning microscopy image of a multicellular spheroid obtained from FTC-133 cancer cells cultivated 
for 7 days in simulated microgravity; D) Brightfield microscopy of FTC-133 spheroids cultivated 7 days in the 
Clinostar. 

4.2.3. Endothelial cells under microgravity conditions 
Endothelial cells are a vital part of the internal layer of a blood vessel. These cells cover 

the most internal layer of vessels and are part of its wall. They have a plain shape, and their 

diameter is adaptable according to the diameter of the vessel they cover. They also have an 

essential role in vascular regulation and the integrity of blood vessels, thanks to their 

specialized cell-cell adhesions. These junctions allow the cells to support and apply forces, 

affecting the endothelium's barrier function and response to stimuli. The endothelial cells are 

crucial in delivering nutrients and oxygen to the tissues and removing waste, and play a 

significant role in cancer metastasis and immune regulation (47). 

Endothelial cells are also important in this thesis, as they possess more 

mechanosensitive properties. They are essential in space research, and it has been reported 

that astronauts suffer from cardiovascular problems, with a particular inflammation in the 

blood vessels during and after space-exposure. An increase in markers of endothelial 

dysfunction after long-duration space missions in astronauts with blood vessel damage has 

been observed, leading to a rise in endothelium procoagulant potential (48). 

In vitro experiments have shown how microgravity alters the expression of 

inflammatory and vasoactive mediators in endothelial cells (49). For example, when using 

human umbilical vein endothelial cells (HUVEC) in a rotatory cell culture system (RCCS), 

researchers found growth inhibition after a return to normal gravity, which was mediated by 
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the mammalian target of rapamycin (mTOR) signaling and miR-22 regulation (50). The 

endothelium is sensitive to unloading conditions, and space-flown endothelial cells show 

changes such as stress granules, reduced motility, mitochondrial senescence, telomere 

shortening, and increased apoptosis (51). EA.hy926 immortalized endothelial cells were 

exposed to real microgravity on the ISS for 12 days. Three different cell populations were 

observed: adherent cells, multicellular spheroids, and tubular-like structures. An enhanced 

collagen and laminin protein expression was observed in the 3D aggregates. The analysis of 

the cell culture supernatants revealed an alteration in the secretion of growth factors, 

cytokines, and ECM components of the space samples compared to the 1g or RPM group (52). 

Furthermore, a drop in cell stiffness, where cortical rigidity experienced a significant 

decline, was observed in HUVEC cells exposed to simulated microgravity in the RPM for 24 h. 

Western blots demonstrated a reduction in the cytoskeletal components of the microgravity 

samples, and immunofluorescence staining showed disorganization of actin filaments and 

microtubules (53). Finally, one of the most important applications of the current knowledge 

gained from the exposure of endothelial cells to microgravity conditions is the future study of 

how these changes will affect wound healing and tissue response in case of traumatic injury 

or medical intervention in space (54). 

 

4.2.4. Effect of microgravity on the human body 
The present gold standard for research on human physiology under microgravity are 

studies conducted in real-microgravity on the ISS with astronauts. Astronauts suffer from bone 

and muscle loss during their stay on the ISS; however, sarcopenia is not homogenous in the 

entire body and focuses on weight-bearing structures, such as the so-called antigravitatory 

muscles, including the gastrocnemius and the musculoskeletal system of all the lower 

extremities. According to a meta-analysis, bone density remains unchanged for the 

thorax/upper limbs region relative to preflight levels, whereas a negative difference in the 

lumbar spine/pelvis and lower limbs is observed (55). The difference in the bone density 

changes can be explained by the position of these regions relative to the weight-bearing role 

they play in the body. Even when the whole body is in microgravity, the most significant 

changes are present in the body's lower part, which deals with the weight of the person on 

Earth. In microgravity, these structures are liberated from the constant load (figure 6).  
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Figure 6.- Model of the gravisensation for complex structures /multicellular organisms. A: Illustrates the 

proposed gravisensation in a complex multicellular structure. B: Summarizes the observed changes in the 

skeleton of astronauts (adapted from (55)) 

Researchers can understand the changes observed in the cells of our body once 

exposed to gravitational changes, only by considering all the relative forces acting on a cell. 

Cell in free fall as part of a 3D structure or embedded in a 3D matrix, are seemingly less prone 

to changes under the weightlessness/microgravity because they are now protected through 

this extracellular microenvironment and have less plasticity, therefore suffer less from the 

microgravity effects. Although a hypothesis, recent research observes this behavior. ElGindi et 

al. observed that the presence of a stiffer ECM during an RPM experiment attenuates the 

effects of microgravity simulation on the transcriptome of cells exposed to the RPM (56, 57).  

 

4.2.5. Does our cells feel a gravity vector?  
To explain the changes related to microgravity-exposure, we can take the bone and 

muscle alterations as an example. The human body is composed of different layers of 

organization: At first, the body systems carry specific physiological functions. Each system is 

composed of organs composed of tissues. The tissues are composed of many cell types and 

ECM, and finally, each cell is composed of organelles made of proteins and other 

macromolecules; at the end being formed by atoms and molecules. The interaction and 

coordination of the mechanisms of mechanotransduction across multiple hierarchies, from 

molecules to the whole-body level, have not been comprehensively investigated and deserve 

A B 
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further studies (58). Then, at which level of organization can our body perceive a gravity 

vector? If every cell can perceive the changes in the magnitude and direction gravity vector, 

then all the cells and corresponding systems in our body will experience the same sort of 

changes in microgravity. However, microgravity exposure does not affect every system in the 

body. Instead, first, the systems are affected, and then the cells composing those systems are 

subsequently altered. The following diagram will show this association (figure 7). As a recent 

paper states (59):  “Some of the properties that emerge in the mesoscale are the results of 

phenomena happening at the microscale of our cell.” 

Figure 7.- Explanation of the macroscale, mesoscale, and microscale forces. (Simplified version of the figure 

adapted from (59). 

4.2.6. Gravisensation, in comparison to the other senses 
The human body has organs to detect different stimuli and provide a sense of vision, 

hearing, proprioception, taste, smell, and tactile sensations. Our bodies perform this task at a 

system level. Different cells and tissues coordinate for each system to feel and interpret the 

stimuli (60). At the bottom of this chain, a specialized cell type is responsible for interpreting 

the signals and converting them into information that the nervous system integrates into the 

senses. However, there are no organs directly related to gravisensation (61, 62). The closest is 

the vestibular apparatus, which can detect acceleration in the three different axes of space, 

and this information helps to coordinate our movements.  

This discussion led to a first conclusion about gravisensation: Human cells do not 

perceive the gravity vector directly, but the relative effects gravity has on bigger structures, 

which means our cells perceive gravity indirectly and not by a specific organelle. For an 

adherent cell inside a cell culture flask during the RPM experiments, the changes triggered by 

the gravity vector changes are relatively less important in comparison to the magnitude of 

other stimuli. Some authors argue that the mass of a single normal-sized cell is very small to 

allow a distinction in gravity vector changes (63). In comparison, the weight of the cell culture 
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medium surrounding the cell is much larger, and therefore the cells only indirectly perceive 

the gravity vector changes.   

 

4.2.7. Mechanobiological perspective in microgravity 
A mechanosensory unit in adherent cancer cells exposed to simulated microgravity 

conditions has been described by Sanyour et al. (46): Integrins are measuring the ECM stiffness 

constantly, and once microgravity creates mechanical unloading, the reaction force generated 

by the flask against the cells is lost and only the force generated by the stiffness is active. The 

cytoskeleton is then disorganized, as explained by the tensegrity model, and the tension in the 

actin stress fibers is lost. The cytoskeletal disorganization is transmitted to the nucleus by 

mechanosensory coactivators YAP/TAZ, which coordinate a countermeasure response to adapt 

the gene expression to the new tensional state of the cytoskeleton, for example, by 

upregulating genes from the ARHGAP/ARHGEF family, that upregulate Rho-GTPase activity, so 

the cytoskeleton regains its organization (figure 8). 

 
Figure 8.- Diagram explaining the molecular pathway responsible for transduction of unloading conditions. 

Redrawn from [47]. ECM: Extracellular matrix, SRC: Proto-oncogene tyrosine-protein kinase Src. RhoA: Ras 

homolog family member A, ROCK: Rho-associated protein kinase, YAP: yes-associated protein, TAZ: 

transcriptional coactivator with PDZ-binding motif, LINC: Linker of Nucleoskeleton and Cytoskeleton, MLCK: 
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Myosin light-chain kinase, MLCP: Myosin-light-chain phosphatase, LATS: Large tumor suppressor kinase, 

NMII: Non-muscle myosin II. 

4.3. Discussion of the limitations and challenges of simulated microgravity devices 
The analysis of experiments on the RPM is expected to compare the gene expression 

and protein results of the 1g static control with that of the RPM-spheroid population and the 

RPM-Adherent cell population. Critique can be made of this methodology because both cell 

populations are incomparable: an MCS is a 3D cell culture compared to a 1g flat culture, in 

which the cells are attached to the ground and form a 2D monolayer.  MCSs are common in 

biomedical research and are not exclusive to microgravity research. There is an extensive range 

of possibilities for growing 3D aggregates that can even be composed of different cell types, 

for example, the non-adherent well plates, ECM modifications such as Matrigel, bioprinting, 

and the hanging drop technique (64). When grown in 3D structures, cells behave differently 

from those cultivated in the typical flat biology cell culture flasks (65).  

The 3D cell culture of breast carcinoma MCF-7 cells possesses more than 50 times 

higher drug resistance than a 2D culture counterpart (66). The 3D culture resembles a cancer 

metastasis, and the tumor cells express efflux pumps to expel the chemotherapeutic 

compound outside of the cell (67); also, the 3D shape protects the cells in the center of the 

metastasis from the drug.  Different cancer cell subpopulations with functional heterogeneity 

compose an MCS, such as the core vs. the outside growing ring of cells. For example, in MCF-

7 spheroids, three different clusters of gene expression patterns were identified by single-cell 

RNA-seq, with one subgroup involved in proliferation, another serving the role of invading 

tissues, and the last serving as a reservoir cell population (68).  

A better methodology would be to use a 1g static culture of spheroids obtained from a 

method distinct to the RPM, such as the hanging drop technique or a non-adherent surface 

plate. As this 1g spheroid control group is missing from previous simulated microgravity 

experiments, the microgravity generated spheroids group would be omitted from the 

discussion of the research articles. Recently, some authors have introduced this control group 

and provided a deeper understanding of the effects of microgravity on cancer progression (69). 

4.3.1. Secondary effects produced inside the RPM 
Shear stress is a secondary effect of culturing cells on the RPM. Mathematical modeling 

has established that it can reach up to 20 mPa for the adherent cell population in the flask 

(44). Such value may appear insignificant; however, it corresponds to the shear stress inside 

the lymphatic system (23). The first authors who demonstrated a biological significance for the 
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shear stress of the RPM were Hauslage et al., who used an organism with a mechanosensitive 

bioluminescence as a biosensor and demonstrated biosensor activation by the shear forces 

generated inside the RPM (70). However, the biological role of shear stress by the RPM on 

human cells has not yet been determined. In this work, I aimed to determine the biological 

significance of this shear stress response.  

Another consequence of the constant rotation of the RPM is that the cell culture 

medium increases its convection, providing a better mixture of its components, which 

improves the oxygen and CO2 exchange (71). Poon suggests using an extra control group in the 

experiments with a shaking rocker (71), which increases the convection in the medium, so that 

the role of medium mixture in the RPM can be separated from microgravity. Using comparative 

transcriptomics, Kouznetsov (72) claims that the cell responses to simulated microgravity can 

be distinguished from the response to hydrodynamic stress. Such tests were also subject in 

this work, and the results are presented in the third paper of this dissertation (73).  

 

4.3.2. 3D models and gravity alteration studies. 
Using the correct experimental model when trying to extend conclusions in biomedical 

research is essential. A 2D cell culture does not accurately reflect physiological conditions, and 

the molecular pathways in an in vivo model are not represented in a 2D in vitro model(74). 

Culturing tumor spheroids can help to overcome such issues, as cells in a 3D environment 

possess characteristics typical of the tissue of origin (75). Similarly, an experiment using 3D 

models can provide a better understanding of gravisensation. One critical experiment to 

advance research on the role of microgravity in tumors is to expose 3D tumor models, such as 

organoids, spheroids, or cells embedded in an extracellular matrix to real microgravity. The 

experiments of Larose and colleagues will be taking tumor organoids to the ISS to probe 

whether microgravity will slow down or stop cancer growth (76). Progress has already been 

made in this direction in recent years, for example, using a cancer-on-a-chip model of 

glioblastoma under simulated microgravity conditions (77). The results from studying non-

cancer cell lines will also help to understand the role of microgravity on 3D structures. For 

example, a skin model composed of skin and blood vessel cells was exposed to simulated 

microgravity conditions and reproduced the physiological changes of skin in space (78). In all 

the studies mentioned above, exposing a 3D structure to simulated microgravity allows us to 

draw conclusions that are closer to reality, as 3D culture conditions better resemble the 

physiological state of any organ or tissue. 
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4.4.  Future directions for research and development of simulated microgravity devices 
 

A limitation of cancer research in microgravity is that the conclusions about the effects 

of microgravity on cancer progression are extrapolations of only the molecular studies 

performed; however, a functional study is still missing in the field. It would be advantageous 

to expose tumor spheroids to simulated microgravity conditions and then, after microgravity 

exposure for at least seven days (the typical time frame after which cells have been shown to 

possess a molecular signature of reduced malignancy), inject the spheroids into mouse models 

on Earth. Spheroids obtained from a non-microgravity method represent the control group 

and will also be injected into another set of mouse models. After 30 days, which mice had 

more metastasis, or a more extensive disease progression could be quantified and measured. 

If mice injected with tumors that were exposed to microgravity showed a milder disease 

progression, this would prove that microgravity affected the capabilities of the tumor cells and 

made them less malignant. Interestingly, similar experiments were performed by Dr. 

Quinones-Hinojosa's group, which exposed cancer cells to real microgravity. After the 

weightlessness exposure, the cells were injected into a mouse model, and the tumor 

progressed faster in the microgravity group, so they concluded that microgravity selected more 

malignant cell phenotypes. However, the rocket only ascended to an altitude of about 26 km 

and the total time of microgravity was around 2 minutes, so these results cannot directly be 

compared to long-term experiments in space (79).  

Other available tests that do not involve animal models are invasion, proliferation, 

radiosensitivity, and chemotherapeutic assays. For example, another possibility is to study 

invasion, one of the hallmarks of metastatic capabilities, using surrogate tests available (80), 

which have shown an excellent correlation with the invasive behavior of the tumor in vivo. 

Such functional studies are necessary to confirm the advantages of exposing the cells to the 

RPM or to space conditions on board the ISS.  

 

5.- Discussion of the research publications.  
 
5.1 Dexamethasone Selectively Inhibits Detachment of Metastatic Thyroid Cancer Cells 
during Random Positioning 
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The first paper reported novel data about the effects of dexamethasone (DEX) on 

metastatic low-differentiated follicular thyroid cancer cells (FTC-133 cell line). It is known that 

DEX inhibits MCS formation on the RPM (81), but the mechanism for this effect is still unclear. 

One of the goals of the research on MCS formation on the RPM is to identify a mechanism that 

inhibits MCS formation (42). Cancer researchers could later translate this knowledge into the 

development of new therapeutic approaches to inhibit metastasis formation in cancer 

patients.  

Metastatic cancer cell lines tend to form spheroids when exposed to simulated 

microgravity. Based on previous data from cancer cell lines exposed to simulated microgravity 

conditions, NF-κB signaling was involved in MCS formation (82) and was altered in other cell 

lines exposed to real and simulated microgravity conditions (83). Therefore, we selected DEX 

to inhibit MCS formation through its interaction with the NF-κB pathway. In 2020, Melnik et al. 

(2020) showed that DEX can inhibit MCS formation dose-dependently (81). A 1000 nM 

concentration of DEX inhibited MCS formation, even after three days of RPM rotation. In this 

article, further experiments were performed to understand the inhibition of MCS formation.  

The MCS formation is better understood as a 2-step process: First, the adherent cell 

population exposed to the RPM detaches from the surface of the flask. Second, the suspended 

cells start aggregating thanks to the free fall generated inside the RPM. In the first part of the 

article, it was demonstrated how the DEX effects are specific to the cell detachment step, the 

first step for the MCS formation (84). Different suspension cell populations were cultured on 

the RPM or non-adherent plates, a traditional method for MCS generation (64). Even in the 

presence of DEX, the cancer cells could form MCS. The results indicate that DEX interferes with 

the cell detachment process but not the cell aggregation process.  

The specificity of this MCS inhibition during RPM-exposure was investigated using three 

different thyroid cancer cell lines with significant histological and molecular differences when 

exposed to DEX. Interestingly, the DEX-induced inhibition of MCS formation was observed only 

for metastatic cancer cell lines originating from lymph node metastases, such as FTC-133 and 

WRO. On the other hand, for the ML-1 cancer cell line, originating directly from the primary 

tumor, no MCS inhibition through DEX was found (84). Moreover, DEX did not affect the MCS 

formation for the non-carcinogenic thyroid cells Nthy-ori 3-1. From these results, it may be 

concluded that the mechanism for the DEX inhibition is related to a feature that only the 

metastatic cancer cell lines possess. The working hypothesis was as follows: During its cancer 
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progression background, a cancer cell must overcome many challenges to metastasize and 

colonize distant organs. This set of new features allowed the cells to detach once exposed to 

the RPM, (85), and the glucocorticoid DEX interferes with this process. 

RPM-exposure activates stress signaling in cancer cells, specifically in FTC-133 cells, 

where gene and protein analyses showed the activation and nuclear translocation of p38. The 

p38 signaling is particularly vital in cancer progression and metastasis (86). Subsequently, the 

molecular mechanisms underlying this activation were investigated. In the article, it was also 

presented how DEX increased the adhesion properties of the cells, particularly to the flask 

surface. First, exposure to DEX causes cells to deposit more ECM factors, and this effect is 

higher with exposure to the RPM. This interplay between DEX and metastasis formation has 

important clinical implications: It has been previously reported that higher concentrations of 

DEX foster the progression of breast cancer (87).  

During the RPM-exposure, the cells produced more mucin-1, an anti-adhesion 

molecule. We hypothesized that the cells secrete these factors to survive and resist the impact 

of the stress generated by the RPM shear stress rotation. Mucins provide a tumor-friendly 

microenvironment by ameliorating the inhospitable conditions in tumor-growing sites and 

allowing cancer cells to escape the immune system surveillance (88). Mucin production was 

higher in Nthy-ori 3-1 and ML-1 cells. The use of DEX in combination with a mucin inhibitor 

was surprisingly able to inhibit MCS formation also in Nthy-ori 3-1 and ML-1 cells. These results 

support the role of the anti-adhesion molecules in the MCS formation on microgravity.  

In conclusion, in this research article, the molecular basis for the effects of DEX in 

preventing MCS formation on the RPM was clarified. Furthermore, a vital role for the cell 

adhesion molecules in the cell detachment process was established. A 2-step process for the 

MCS formation started to be elucidated and further explored in the following research articles. 

 

5.2 Effects of High Glucose on Human Endothelial Cells Exposed to Simulated 
Microgravity. 
 

The next step was to study a more mechanosensitive cell line. Therefore, the EA.hy926 

endothelial cell line was cultured under simulated microgravity conditions using a 3D clinostat. 

This cell line originates from transformed human umbilical vein endothelial cells fused to 

clones of A549 lung carcinoma epithelial cell line (89). It is widely used as a model for 

endothelial cells in cardiovascular research (90) and possesses a cytoplasmic distribution of 
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Weibel-Palade bodies (91). It has properties of a differentiated endothelial cell and has been 

used in various vascular studies such as angiogenesis (92), homeostasis/thrombosis (93), 

hypertension (94), and inflammation (95). However, some contradictory data has appeared 

regarding its endothelial cell characteristics; for example, EA.hy926 cells do not align to the 

shear flow direction, contrary to their counterpart HUVEC, which do so (96). 

The experiments used two distinct types of cell culture media on the 3D clinostat: one 

group with DMEM medium (low-glucose group) and the other using DMEM medium 

supplemented with 5 mM D-(+)-Glucose solution (high-glucose group). High glucose levels can 

damage the endothelial cell layer by producing ROS, leading to apoptosis and endothelial 

dysfunction (97). The effects of two different glucose concentrations in the experimental 

groups and the effects of shear stress in the 3D clinostat was compared to cells exposed to 1g 

static conditions. Gene expression analysis was realized, and protein characterization was 

performed by immunofluorescence and Western Blot analyses.  

The results showed that clinostat-exposed endothelial cells modified the expression of 

FN1 protein, with a significant difference between the high- and low-glucose groups. The 

GLUT3 protein expression was also altered. It is crucial to notice that for the proteins and 

molecular pathways explored, culturing the cells on the clinostat was more significant than the 

effects of high glucose exposure. Finally, upregulation of CXCL8 was observed, a typical 

observation in FTC-133 cells, MCF-7 cells, and other cancer cell lines exposed to simulated 

microgravity (98). We hypothesized that CXCL8 belongs to a gene expression pathway 

responsible for inflammation and shear stress response in cancer cells.  

This endothelial cell line also formed spheroid structures under simulated microgravity 

conditions, probably because of its cancer cell origin. Although the MCS and AD cell 

populations are grown under simulated microgravity conditions, they show different 

responses during the simulated microgravity exposure. An MCS control group obtained under 

1g conditions would constitute a more suited comparison group for the microgravity-

generated MCS.  

Overall, the exposure to simulated microgravity had a stronger effect on the EA.hy926 

cell line’s gene and protein expression as opposed to hyperglycemia. Hyperglycemia had a 

stronger effect regarding a higher count and larger-sized MCS formation. We observed an 

elevated expression of NOX4 and CXCL8 due to simulated microgravity, suggesting an 

increased oxidative stress and inflammation. Finally, the hyperglycemia did not cause 
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significant changes in glucose metabolism, and changes occurred due to the exposure to the 

3D clinostat. 

 

5.3 Fluid and Bubble Flow Detach Adherent Cancer Cells to Form Spheroids on a Random 
Positioning Machine. 
 

This publication reported new data about the physical effects of an RPM experiment. 

This article encompasses the thoughts and ideas that emerged from the Review paper: Cancer 

Cells in Space Conditions (46), in which there is a discussion of gravisensation. This earlier 

review proposed a set of experiments, which were performed in this research article.  

First, the focus of the study was on the inverted gravity vector as a proof of concept, 

asking whether cells can feel the gravity vector. Random positioning is used to simulate a 

microgravity-environment through the nullification of gravity. This can be realized by 

disorientating the cells, or as ‘vector-averaging’ process. Therefore, it is necessary to evaluate 

the most extreme case for gravity vector alteration by exposing the adherent cells to a negative 

gravity vector.  

According to the results in the article, although the cells feel an alteration of the gravity 

vector in the inverted flask experiment, they do not show the changes usually described with 

microgravity-exposure. The cells in the inverted experiments should have experienced a 

combination of both explanations: the gravity vector alteration might have impacted the 

cytoskeleton, but because of the period of the observations, cells had time to adapt. In 

addition, because of the cell size, the effect of inverting the gravity vector was negligible 

compared with other forces present (63), such as the hydrostatic pressure of the column of 

medium, material, and stiffness of the cell culture flask. This set of experiments suggested that 

the cells may not be interested in gravity vector alterations, and other stimuli may have a more 

significant impact on their biology. 

5.3.1 Different rotational speeds yield average microgravity vector conditions over time; 
however, the gene expression results differ between different rotational speeds.  

The theory behind the RPM experiments explains that by the constant rotation around 

the three axes in space, the RPM can generate a gravity vector nullification over time, which is 

in the range of microgravity levels. However, some results obtained in RPM experiments do 

not fit into a model where only the microgravity-exposure explains the changes observed in 

the cells in the RPM. For this reason, the following experiment was planned: the cancer cells 
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rotated in the RPM as part of a usual 3-day experiment. Three different experimental 

conditions were assessed. 1) One group of samples running at a slow speed (average of 30 

degrees per second), a typical speed (average of 65 degrees per second), and a fast speed 

(average of 90 degrees per second). The FTC-133 cell line was used because it is one of the cell 

lines from which most simulated microgravity data has been obtained. 

According to the average-vector theory, the three operating speeds resulted in a 

calculated time-averaged microgravity within a few hours. However, a different gene 

expression pattern was obtained, as well as different spheroid formation. These results 

concluded that the genes commonly reported to change under simulated microgravity 

conditions may not correspond to the microgravity-exposure but to another kind of stimulus, 

for example, shear stress. The faster the RPM rotation, the higher the shear stresses, with a 

similar trend for the gene expression changes. These results prove that the shear forces had a 

bigger-than-expected effect on the gene expression changes for cells cultured in the RPM. To 

further answer this question, the biological role of shear forces in the range generated by the 

RPM (between 10-20 mPa according to the study by Wüest) was investigated (44). 

 

5.3.2. Role of shear stress in the cell detachment process.  
FTC-133 cells were then exposed to low shear stress values. A peristaltic pump system 

connected to a cell culture in an Ibidi channel slide (figure 9) generated the shear stress 

environment. A regulated unidirectional flow generates a precise value for the shear stress by 

adjusting the flow speed according to a set of formulas specific to every slide. To obtain an 

accurate shear stress value, the value for the dynamical viscosity of the medium is added to 

the formula, which is multiplied by the flow rate. For example, in the case of a µ-Slide I 0.8 Luer 

Glass bottom slide (99),  by using a 0.45 mL/min flow rate, a shear stress of 0.1 dyn/cm2 is 

generated, and with a 0.90 mL/min flow rate, a shear stress of 0.2 dyn/cm2 is generated. These 

values correspond to the calculated to be generated in the walls of the cell culture flask during 

a typical RPM experiment, according to the simulations by Wüest (44). 

𝝉𝝉 =  𝜼𝜼 ∙ 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 (𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒐𝒐𝒐𝒐 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) ∙  𝝓𝝓 

τ = shear stress 

η = dynamical viscosity 

φ = flow rate 

Figure 9.- Formulas for calculating the shear stress rate in the Ibidi slides from [99]. 
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Live-cell visualization was done using an inverted microscope, and the following 

sequence of pictures shows how the cancer cells react to the shear flow and start to roll and 

detach from the cell culture flask (figure 10). Over an extended period and with specific 

analysis of the movement patterns, the cells' migration in the flow direction can be observed 

until they finally detached from the flask. The cells detached and rolled faster using a faster 

flow, providing 20 mPa of shear stress.  

 
Figure 10.-  In the top section, Live-cell microscopy pictures of cells exposed to fluid shear stress in the range  
generated by a normal RPM experiment during 24 h. The bottom row shows the effects of adding bubbles 
to the flow shear. 

Finally, bubbles had shown an impact on the cell detachment process from previous 

observations in the RPM. It was observed that those flasks with the giant and more numerous 

bubbles at the end of the experiment had more cancer spheroids and less adherent cell 

population remaining in the flask.  Therefore, the role of bubbles in the cell detachment 

process in the RPM was investigated. Bubbles counteracted dexamethasone's inhibitory 

effects for spheroid formation and the cancer cells formed MCS even in the presence of 

dexamethasone.  By using a different tubing configuration, bubbles were introduced into the 

fluid-shear experiment. The cells detached faster in the presence of bubbles, and almost no 

cells remained adhered to the flask at the end of the experiment (figure 10).  

 

5.3.3. Molecular biology of the cell detachment process.  
The cell detachment process observed in the RPM experiments can be simulated using 

a shear flow experiment. Gene and protein expression changes were investigated using qPCR 

and immunofluorescence microscopy, to determine if the same molecular pathways are 

activated in both cell detachment methods. It was observed that after 4 h of flow, the cell 

starts to roll and detach, so the 4-hour time point was used for the comparison. The gene 

expression changes in a 4-h RPM run were compared with the channel slide flow experiment 

at 20 mPa for 4 h. Surprisingly, similar changes in the gene expression were observed. 
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Regarding the immunofluorescence analysis, no clear pattern of transcription factor 

translocation was observed.  

 

5.3.4. A new perspective in the RPM MCS formation for cancer studies 
The experiments confirm how the MCS formation process in the RPM has two steps: 

the first step, cell detachment, has nothing to do with microgravity and is caused by the fluid 

shear stress, further compounded by the presence of bubbles in the medium. The spheroid 

formation occurs once fluid dynamics detach the cells, and the cells float freely in the culture 

medium. This cell-aggregation is facilitated by microgravity exposure. The figure 11 represents 

a visual summary of the findings.  

 
Figure 11.- Summary of the spheroid formation process in microgravity, taken from (73). 
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5.4 Conclusions 
 

To advance biological studies in microgravity for future space exploration, challenges 

associated with conducting experiments on the International Space Station (ISS) have led 

researchers to explore ground-based facilities simulating microgravity. The Random 

Positioning Machine and clinostats are such devices that aim to expose samples to simulated 

microgravity conditions. However, replicating experiments on these platforms is complex, 

partly due to a lack of understanding of how human cells perceive changes in gravity. 

To address this challenge, a new model was proposed for testing gravisensation in human cells. 

When cancer cells are exposed to the RPM, MCS are formed, and this aggregation is attributed 

to a microgravity environment. However, this process is not completely understood. Our 

research revealed insights into cell detachment and aggregation, emphasizing the role of shear 

stress in the RPM experiments and molecular pathways involved in the gravisensation process.  

Finally, the cells were actively subjected to shear stress in a controlled environment 

with regulated flow, which challenged the theory of averaged gravity vectors. Surprisingly, the 

adherent cell population could also detach from the flask when using shear stress in the range 

produced by the RPM. The RPM experiments identified shear stress as a significant factor 

influencing cells, gene expression, and protein profiles. The research proposes a two-step 

process for MCS formation on the RPM involving shear stress-induced detachment of the cells 

and subsequent “free fall” during random positioning. 

From these data, a model for using ground-based facilities for microgravity experiments 

can be derived and transferred to other platforms. In addition, this model will help to 

understand gravisensation in human cells. The cells composing either a 3D structure or a 

multicellular organism are more concerned with the changes in the local microenvironment 

than with a gravity vector. The findings contribute to the long-standing question of how cells 

perceive changes in the gravity vector in microgravity platforms and provide valuable insights 

for future biological experiments in space. 
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5.5 Summary 
 

Bioreactors to simulate microgravity are widely used in space research to prepare 

experiments in real microgravity conditions on the ISS. One of the most used simulation 

devices is the Random Positioning Machine, which can average the gravity vector at the 

microgravity level through constant rotation around all three spatial axes. These devices for 

simulating microgravity are among the ground-based facilities recommended by ESA. 

However, recently there has been some discussion about the role of these devices in 

studying cells from multicellular organisms. This work investigates what role the modeled 

shear stress plays in the tumor cell lines cultured on the RPM and whether this shear stress 

can influence the observations made in the microgravity bioreactors. The results were 

summarized in the following three research articles. 

The first article investigated various thyroid carcinoma cell lines exposed on the RPM, 

which were also subjected to a pharmacological intervention with dexamethasone as part of 

a follow-up study. The aim was to gain a better understanding of the mechanisms by which 

dexamethasone inhibits spheroid formation. 

The second article examined the more mechanosensitive endothelial cell line 

EA.hy926. The cells were cultured on a 3D clinostat and exposed to or without a high glucose 

concentration.  

Finally, the third article focused on the role of the secondary effects generated in the 

RPM. New control groups are introduced in simulated microgravity experiments, such as shear 

stress with a given fluid flow rate, the effects of bubbles, different gravity vector orientations, 

and the role of different RPM rotation speeds. 
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5.6 Zusammenfassung 

 

Bioreaktoren zur Simulation von Mikrogravitation werden in der Weltraumforschung 

häufig verwendet, um Experimente unter realen Mikrogravitationsbedingungen, 

beispielsweise auf der ISS, vorzubereiten. Eines der am häufigsten verwendeten 

Simulationsgeräte ist die Random Positioning Machine, die durch eine konstante Rotation um 

alle drei Raumachsen den Schwerkraftvektor über die Zeit auf Mikrogravitationsniveau mitteln 

kann. Diese Geräte zur Simulation von Mikrogravitation zählen zu den von der ESA 

empfohlenen Bodenanlagen („ESA ground based facilities“).  

In letzter Zeit sind unter Wissenschaftlern einige Zweifel über die Vergleichbarkeit der 

simulierten Mikrogravitation zu Weltraumexperimenten aufgekommen. Daher ist es wichtig, 

die genauen Effekte dieser Anlagen auf humane Zellkulturen zu studieren.  

In dieser Arbeit wurde untersucht, welche Rolle der modellierte Scherstress bei den auf 

der RPM kultivierten Tumorzelllinien spielt und ob dieser Scherstress die in den 

Mikrogravitations-Bioreaktoren gemachten Beobachtungen beeinflussen kann. Die Ergebnisse 

wurden in den folgenden drei Forschungsartikeln zusammengefasst. 

Der erste Artikel befasste sich mit verschiedenen auf der RPM exponierten 

Schilddrüsenkarzinomzelllinien, die im Rahmen einer Nachfolgestudie auch der 

pharmakologischen Intervention mit Dexamethason unterzogen wurden. Das Ziel war es ein 

besseres Verständnis der Mechanismen zu erlangen, durch die Dexamethason die Bildung von 

Tumor-Sphäroiden hemmt. 

Der zweite Artikel untersuchte die mechanosensiblere, endotheliale Zelllinie EA.hy926. 

Die Zellen wurden auf einem 3D-Klinostaten und normaler bzw. erhöhter 

Glukosekonzentration (Diabetes-Modell) kultiviert.  

Im dritten Artikel schließlich wird untersucht, welche Rolle die in der RPM erzeugten 

Sekundäreffekte bei der Sphäroidbildung spielen. Hierfür wurden neue Kontrollgruppen für 

simulierte Mikrogravitationsexperimente definiert, wie z.B. Scherstress mit einer bestimmten 

Durchflussrate, die Auswirkungen von Blasen sowie unterschiedliche Ausrichtungen des 

Schwerkraftvektors und die Rolle verschiedener Rotationsgeschwindigkeiten der RPM.  
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Simple Summary: Metastasis is the most dangerous feature of advanced cancers. In vitro models of
this process could help us to study and understand mechanisms that are not readily accessible in the
human body. In our approach, we used random positioning cell cultures to induce cancer cells to
spread and form tumor spheroids. In this experimental setup, we show that dexamethasone is able
to specifically inhibit the detachment of metastatic thyroid cancer cells. Our results not only show
how differently healthy and malignant thyroid cells act and react in this in vitro metastasis model
system, but also provide valuable insights into its functioning, possibilities and limitations.

Abstract: We recently reported that synthetic glucocorticoid dexamethasone (DEX) is able to suppress
metastasis-like spheroid formation in a culture of follicular thyroid cancer (FTC)-133 cells cultured
under random positioning. We now show that this inhibition was selective for two metastatic
thyroid carcinoma cells, FTC-133 and WRO, whereas benign Nthy-ori 3-1 thyrocytes and recurrent
ML-1 follicular thyroid cancer cells were not affected by DEX. We then compare Nthy-ori 3-1 and
FTC-133 cells concerning their adhesion and mechanosignaling. We demonstrate that DEX disrupts
random positioning-triggered p38 stress signaling in FTC-133 cells, thereby antagonizing a variety of
biological functions. Thus, DEX treatment of FTC-133 cells is associated with increased adhesiveness,
which is mainly caused by the restored, pronounced formation of a normal number of tight junctions.
Moreover, we show that Nthy-ori 3-1 and ML-1 cells upregulate the anti-adhesion protein mucin-1
during random positioning, presumably as a protection against mechanical stress. In summary,
mechanical stress seems to be an important component in this metastasis model system that is
processed differently by metastatic and healthy cells. The balance between adhesion, anti-adhesion
and cell–cell connections enables detachment of adherent human cells on the random positioning
machine—or not, allowing selective inhibition of thyroid in vitro metastasis by DEX.

Keywords: glucocorticoids; thyroid cancer; random positioning; in vitro metastasis; cell adhesion;
anti-adhesion; tight junctions; cancer treatment

1. Introduction

Cancer is considered one of the most life-threatening diseases due to its ability to
metastasize. Metastasis is responsible for more than 90% of all cancer-related deaths [1].
The mechanism of cancer metastasis mainly involves six steps: (1) detachment from the
primary tumor, (2) intravasation, (3) transport through the bloodstream, (4) entrapment
in the endothelial walls of the distant organ, (5) extravasation into the parenchyma of the
distant organ, and (6) formation of secondary tumors on the distant organ [2]. In most
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cases, the initialization of the metastatic process is thought to be the result of a genetic [3]
or epigenetic [4] trigger. However, there is increasing evidence that mechanical stimuli also
contribute to metastasis through the interplay of physical forces and biochemical signals (re-
viewed in [5,6]). In this context, it is important to note that not all cancer cells have the ability
to form metastases. It is generally believed that a process similar to epithelial-mesenchymal
transition (EMT) is required for cancer cells to metastasize [7], which is associated with
a loss of adhesion and stiffness [8]. Early on, Guck et al. [9] demonstrated that human
breast cancer cell lines MCF-7 and especially the highly metastatic MDA-MB-231 are more
deformable than their epithelial counterpart MCF-10A and opened the field for cancer
biophysics. That the invasiveness of cancer cells is indeed correlated with their plastic
response was recently reconfirmed by Cho et al. [10] using a novel microfluidic system.
Interestingly, metastatic cancer cells seem to change their mechanical properties in response
to passive and active mechanical stimuli to a much greater extent than normal cells [11–13].

The random positioning machine (RPM) is a rotating bioreactor originally developed
for the study of gravitational biology in cells, tissues and organisms [14,15]. Unlike rotating
clinostats, which are primarily designed to prevent sedimentation of suspension cells, the
RPM generates shear forces as a side effect [16,17]. Computer simulations showed that the
fluid motion inside the cell culture flasks on the RPM never reached or approached a steady
state [18]. What is a disadvantage for some may be an advantage for others: adherent
cells are stimulated by the RPM to detach from their surface, and in the case of tumor
cells, this process mimics spreading in vivo in several aspects (Figure 1) [19–21]. Among
the possible explanations for this in vitro metastasis model is that tumor cells respond
differently and possibly more sensitively to mechanical stimuli. MDA-MB-231 cells with
high metastatic potential were more susceptible to migration under fluid shear forces than
the less metastatic MDA-MB-468. The benign MCF-10A cell line had the lowest migration
potential under shear forces [22]. Fluid shear stress has also been described to promote
invasion through increased secretion of matrix metalloproteinases (MMPs) [23], increased
cell motility, and facilitated EMT of adherent tumor cells [24–26]. Ahn et al. [27] indicated
that random positioning accelerates the migration of two types of adherent non-small
cell lung cancer cells even in a floating environment. However, the exact mechanism of
spheroid formation from 2D cultures on the RPM, which was also observed for several
healthy cells [28–30], is still unclear.
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Recently, we reported that RPM-induced spheroid formation of FTC-133 thyroid
carcinoma cells was inhibited by dexamethasone (DEX) in a concentration-dependent
manner and came across a complex regulation network of tumor spheroid formation under
dynamic flow that may be influenced by glucocorticoids such as DEX [31]. With the current
study, we aimed to reveal and explain the effects of DEX treatment on thyroid cancer cells
cultured on the RPM and generally gain a better understanding of the behavior of human
cells in a rotational culture.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

The human follicular thyroid carcinoma cell lines FTC-133 (passages 17–25) and WRO
(passages 10–16) and the noncancerous follicular epithelial cell line Nthy-ori 3-1 (passages
10–15) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The human follicular
thyroid carcinoma cell line ML-1 (passages 5–9) isolated from recurrence [32] was used from
a laboratory stock. Cells were cultured in RPMI 1640 medium (Life Technologies, Carlsbad,
CA, USA) supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich, St. Louis, MO,
USA), and 1% penicillin/streptomycin (Life Technologies) at 37 ◦C and 5% CO2 until used
for experiments. Twenty-four hours before each experiment, a cell density of 1 × 106 cells
per flask were seeded in T25 cell culture flasks (Sarstedt, Nümbrecht, Germany) to allow
cells to adhere. T25 flasks equipped with glass coverslips and a reduced cell density of
0.5 × 106 cells were used for immunofluorescence staining.

Breast epithelial cells (MCF-10A; ATCC, Manassas, VA, USA), mammary carcinoma
cells (MCF-7; ATCC), and prostate carcinoma cells (PC-3, LnCAP; ATCC) for supplemental
experiments were cultured accordingly. The MCF-10A cell line was cultured in DMEM/F12
medium supplemented with 0.5% Mammary Epithelial Growth Supplement (MEGS) (Life
Technologies).

2.2. Dexamethasone and Drug Treatment

Ethanol-soluble DEX was purchased from Sigma-Aldrich. Twenty-four hours after
seeding, cells were washed once with phosphate-buffered saline (PBS; Life Technologies),
synchronized for four hours in RPMI 1640 with 0.25% FCS and 1% Penicillin/Streptomycin,
following a cultivation with RPMI 1640 medium supplemented with 0–1000 nM DEX, as
described in [31]. This procedure was applied before any drug treatment.

To investigate the selective effect of DEX on metastatic cell lines, we treated FTC-133
and WRO cells with the re-activator of mutant p53 activity, PRIMA-1Met (2-(Hydroxymethyl)-
2-(methoxymethyl)-1-azabicyclo [2.2.2]octan-3-one; Sigma-Aldrich). PRIMA-1Met was dis-
solved in water. Cell cultures were supplemented with 10 µM PRIMA-1Met or 10 µM
PRIMA-1Met combined with 1 µM DEX for three days.

To target GR signaling, we used the water-soluble GR antagonist Mifepristone (MIF,
Sigma-Aldrich). Based on the highest DEX concentration of 1 µM, FTC-133 cells were
cultured for three days in DEX:MIF ratios of 1:1, 1:10 and 1:20. Untreated cells, as well as
cells treated with 1 µM DEX or 20 µM MIF, served as controls.

Moreover, we applied the D-amino acid cell-penetrating peptide inhibitor of MUC-1,
GO-203 (Selleck Chemicals, Planegg, Germany). A GO-203 stock solution was prepared
with sterile water. According to the manufacturer’s instructions, we treated Nthy-ori 3-1
cells with 5 µM of GO-203 in combination with 1 µM DEX (Sigma-Aldrich) for three days.
To exclude side effects of GO-203, controls supplemented with GO-203 and untreated
controls were included.

2.3. Random Positioning

Cell cultures were randomly positioned on a desktop RPM (Dutch Space, Leiden, The
Netherlands) inside an incubator or inside an incubator RPM (iRPM 2.0, designed and
constructed by Prof. Jörg Sekler, University of Applied Sciences and Arts Northwestern
Switzerland [33]), both operated in a real random mode. Before the run, all culture flasks
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were filled bubble-free with medium supplemented with the corresponding drug concen-
trations. Corresponding static controls were each prepared in parallel under the same
conditions and stored next to the device in an incubator.

2.4. Static Forced Floating Spheroid Formation

Cells were seeded in 96-well BIOFLOAT™ U-bottom plates (faCellitate, Mannheim,
Germany) at a density of 2500 cells per well with culture medium supplemented with 0, 10,
100 and 1000 nM DEX at 37 ◦C and 5% CO2. Images were acquired every 24 h for three days
using an Invitrogen EVOSTM XL Core Imaging System (Thermo Fisher Scientific, Waltham,
MA, USA).

2.5. Trypsin Digestion Adhesion Assay

To investigate the effect of DEX and random positioning on the “stickiness” of ad-
herent FTC-133 and Nthy-ori 3-1 cells, we seeded 0.5 × 106 cells in a Slide Flask (Thermo
Fisher Scientific). Cells were treated as described in Section 2.2. After a 24-h attachment
period, the Slide Flasks were completely filled with RPMI 1640 medium supplemented
with 1 µM DEX for the DEX treatment group and cultured for 24 h under static or RPM
conditions. After 24 h, cells were photographed, washed once with PBS, and incubated
for 9 min (Nthy-ori 3-1) or 5 min (FTC-133) in prewarmed 0.05% trypsin-EDTA (Life Tech-
nologies) at room temperature (RT). The Slide Flasks were moderately hit once, fresh
medium was added and removed to stop the trypsin reaction, and the remaining cells were
imaged under the microscope.

2.6. Phase Contrast Microscopy

Cells were observed and photographed using an OLYMPUS CKX53 inverted micro-
scope (Olympus, Tokio, Japan) or an InvitrogenTM EVOSTM XL Core Imaging System
(Thermo Fisher Scientific).

2.7. Immunofluorescence Microscopy

The adherent cells were washed twice with PBS and fixed by incubation for 30 min at
4 ◦C in 100% EtOH (Carl Roth, Karlsruhe, Germany), followed by 90 s in ice-cold acetone
(Carl Roth) at RT. Cells were stored in 0.5 M sodium azide (Carl Roth) in 0.1 M PBS at 4 ◦C
until observation. Fixed cells were blocked with 3% bovine serum albumin (BSA, Carl Roth)
in 0.1 M PBS for 1 h at RT. Subsequently, the cells were labeled with the primary antibodies
diluted in 1% BSA (listed in Table S1) overnight at 4 ◦C. The next day, the cells were
washed three times with 0.1 M PBS and incubated with the secondary Alexa Fluor™ 488
(AF488)-conjugated anti-rabbit (Invitrogen, Life Technologies) or Alexa Fluor™ 647 (AF647)-
conjugated anti-mouse (Invitrogen, Life Technologies) antibodies at a dilution of 1:500 or
1:1000 at RT for 1 h. Cells were washed again three times with 0.1 M PBS and mounted
with FluoroshieldTM with DAPI (4′,6-diamidino-2-phenylindole) (Sigma-Aldrich). The next
day, the slides were examined using a ZEISS LSM 800 confocal laser scanning microscope
(Carl Zeiss, Oberkochen, Germany). To ensure comparability for intensity quantification,
all images were acquired with the same settings using the ZEISS Airyscan detector and
ZEN 3.4 software (Carl Zeiss). Images were normalized to the untreated FTC-133 samples
cultured under static conditions. Airyscan processing settings were optimized for each
antibody/wavelength combination and manually applied to corresponding samples. The
resulting file was used in Fiji software v1.53t (ImageJ, imagej.net) to quantify the relative
protein amount based on the fluorescence of the sample with the “Image Calculator”
tool. Relative intensities were measured according to the method recently described by
Shihan et al. [34]. To determine the ratio of protein localization between the nucleus and
cytoplasm, the fluorescence intensities of the protein of interest were measured for the
nuclear area and the cytoplasm. The nuclear area was determined before using the DAPI
signal. For the co-localization measurement of assembled protein complexes, ImageJ image
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calculation was used to combine the channels of interest and to subtract the DAPI channel.
The amount of protein complexes/co-localization was indicated by the LUT fire setting.

2.8. mRNA Isolation and Quantitative Real-Time PCR

The adherent cells were washed once with PBS and fixed by addition of Invitrogen
RNAlaterTM solution (Life Technologies). Cells were harvested using cell scrapers and
samples were stored at −20 ◦C until mRNA extraction. mRNA isolation was performed by
using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the manufacturer’s
protocol. RNA concentration was determined with a NanoPhotometer® N60 (Implen,
Munich, Germany) followed by cDNA synthesis using the High Capacity cDNA Reverse
Transcription Kit (Life Technologies). To define the expression level of the genes of interest,
quantitative real-time PCR was performed by using the Fast SYBR™ Green Master Mix (Life
Technologies) and the QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific).
Primer sequences used in the quantitative real-time PCR can be found in the Supplementary
Materials (Table S2). The samples were measured in triplicates and evaluated by using the
comparative threshold cycle (∆∆CT) method with 18S rRNA as the housekeeper reference.

2.9. Protein Isolation and Western Blot Analysis

The adherent cells were placed on ice, washed once with ice-cold PBS, and then
harvested with ice-cold PBS using cell scrapers. The suspensions were centrifuged at
3000× g for 10 min at 4 ◦C, then the PBS was discarded and the cell pellets were stored at
−150 ◦C.

Proteins were isolated by performing incubation and centrifugation steps in RIPA
lysis buffer (Sigma-Aldrich). Protein concentration was measured using the BCA protein
assay (Carl Roth). First, 20 µg total protein were loaded onto an SDS-PAGE gel (8%, 10% or
12.5%, 1 mm), run for 20–30 min at 80 V, 90 min at 100 V, and transferred to a nitrocellulose
membrane (Carl Roth; 90 min, 100 V). Membranes were blocked with 5% BSA (Carl Roth) in
TBS-T for 1 h at RT. To detect proteins of interest, membranes were incubated overnight at
4 ◦C with a primary antibody diluted in TBS-T containing 5% BSA. GAPDH was used as a
loading control. Afterwards, the membranes were washed three times with TBS-T for 5 min
and incubated for 1 h at RT with a horseradish peroxidase (HRP)-linked secondary antibody
(Invitrogen, Life Technologies) diluted in TBS-T containing 5% BSA. Before the protein
bands were visualized by applying Clarity Western ECL Substrate (Bio-Rad, Hercules, CA,
USA), the membrane was washed three times with TBS for 5 min. Images were acquired
using the ChemiDocTM XRS+ molecular imager (Bio-Rad) and analyzed using Image LabTM

6.1 software (Bio-Rad).
For re-staining (e.g., to visualize loading controls of similar size to the protein of inter-

est), membranes were stripped in some Western blots. To remove antibodies, membranes
were incubated in stripping buffer (62.5 mM TRIS, 2% SDS, pH 6.8) at 50 ◦C for 15–20 min
and then washed three times with TBS for 5 min.

All antibodies used for Western blot analyses can be found in the Supplementary
Materials (Table S1).

2.10. Cell Culture Supernatant Analyses

Oxygen concentration was measured directly in the T25 cell culture flask by fiber-optic
oxygen detection using a Microx TX3 transmitter equipped with a flat, broken-tip oxygen
microsensor (PreSens, Regensburg, Germany). The sensor was calibrated according to
the manufacturer’s specifications. Temperature-compensated measurements (37 ◦C) were
recorded using TX3v602 software (PreSens) over a period of 5 min.

2.11. Spheroid Measurement and Quantification

Spheroids were generated through the cultivation of adherent or suspended cells on
the RPM. Images of spheroids were taken by using the microscopes described in Section 2.10.
These were randomly selected and imaged with the 4× lens. The analysis was done with
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ImageJ. First, the spheroids of five images were counted, then outlined with the ImageJ
tool “freehand selections” and automatically measured.

2.12. Statistics

Statistical evaluation was performed using SPSS Statistics v28 (IBM, Armonk, NY,
USA). The nonparametric Mann–Whitney U test or the independent t-test (for Western blot
and O2 saturation analyses due to the smaller number of samples) was used to compare
samples from different culture conditions. All data are presented as mean ± standard
deviation (SD) with a significance level of p < 0.05.

3. Results

As previously reported, FTC-133 spheroid formation was inhibited by DEX in a
concentration-dependent manner (Figure 2A).

3.1. Dexamethasone Inhibits Formation but Not Stability of Multicellular Tumor Spheroids

To test spheroid integrity during DEX treatment, we added 1000 nM DEX to a culture of
FTC-133 spheroids formed after three days on the RPM and continued random positioning.
After three more days, we could see that the spheroids had not disassembled or shrunk,
but continued growing in the presence of DEX (Figure 2B). DEX had no influence on the
stability of preformed tumor spheroids on the RPM.

3.2. Dexamethasone Selectively Affects Spheroid Formation of Metastatic Thyroid Cancer Cells

In addition to FTC-133 cells, we tested spheroid formation of the normal Nthy-ori 3-1
thyroid epithelial cell line and recurrent ML-1 carcinoma cells derived from a dedifferen-
tiated follicular thyroid carcinoma relapse (Figure 2D) in the presence of different DEX
concentrations (0, 10, 100, 1000 nM). Both cell lines formed multicellular spheroids after
72 h on the RPM (Figure 2E). Although the Nthy-ori 3-1 and ML-1 spheroids were much
smaller compared to the FTC-133 spheroids, formation was not inhibited by increasing DEX
concentrations (Figure 2E). Furthermore, we tested a second metastasis-born thyroid cell
line, WRO, that also showed a highly reduced formation of 3D aggregates in the presence
of DEX (Figure 2E, bottom line).

The results suggested a selective effect of DEX on the RPM-triggered 3D growth
of thyroid carcinoma cells isolated from metastases. Because both FTC-133 and WRO
metastatic cell lines have TP53 mutations, PRIMA-1Met (APR-246) was used to restore
mutant p53 activity, thus eliminating the possibility that the observed effect of DEX was
due to p53 dysfunction. We demonstrated that the addition of 10 µM PRIMA-1Met did not
affect the DEX inhibition of spheroid formation in FTC-133 cells and could not completely
reverse the effect in WRO cells (Figure 2F), ruling out the involvement of p53 in this process.
Furthermore, PRIMA-1Met alone had no effect on spheroid formation on the RPM.

3.3. Dexamethasone Supresses RPM-Induced Cell Detachment but Not 3D Growth in General

RPM-induced spheroid formation comprises two steps: The detachment of the actually
adherent cells from their growth surface and the aggregation/growth of the detached and
floating cells in the medium. To find out which step is influenced by DEX, we used ultra-
low attachment multi-well plates for comparison, in which spheroids form automatically
without mechanical action. After 72 h, spheroids of FTC-133 cells and Nthy-ori 3-1 cells have
formed in the wells independently of the used DEX concentration (0–1000 nM) (Figure 2G).
Furthermore, FTC-133 cells formed smaller spheroids in the presence of 1000 nM DEX
when they were placed directly on the RPM without a prior attachment phase (Figure 2C).
The number of these spheroids was comparable with those of the DEX-free samples. We
also observed 3D growth when we cultured FTC-133 suspension cells together with DEX
on a clinostat. Accordingly, DEX did not prevent the aggregation of the cells itself, but
seems to impede the ‘metastasis-like’ detachment of thyroid cancer cells observed under
random positioning.
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Figure 2. Impact of different DEX concentrations (0, 10, 100, 1000 nM) on spheroid formation
and stability of different thyroid epithelial cells after 3 days. (A) Spheroid formation of adherent
FTC-133 metastasized carcinoma cells after rotation on the RPM; (B) stability of preformed FTC-133
spheroids on the RPM in the presence of 1000 nM DEX; (C) spheroid formation of FTC-133 suspension
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cells; (D) origins of the used thyroid cell lines and documented cell line mutations (https://www.
cellosaurus.org; accessed on: 2 February 2023). ♂, ♀indicate the gender of the donor. * The TP53
P223L mutation in WRO cells is only reported by some authors; (E) spheroid formation of adherent
Nthy-ori 3-1 thyroid epithelial, ML-1 recurrent and WRO metastasized thyroid carcinoma cells after
3d rotation on the RPM; (F) spheroid formation of FTC-133 and WRO cells in the presence of 10 µM of
the p53 reactivator PRIMA-1Met and 1000 nM DEX; (G) spheroid formation of FTC-133 and Nthy-ori
3-1 cells under static forced floating conditions in ultra-low attachment plates. Parts of subfigure
D were drawn by using pictures from Servier Medical Art, licensed under a Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/, accessed on 12
February 2023).

3.4. Dexamethasone Treatment Alters ‘Stickiness’ of the Cells

After showing specifically that the spheroid formation of FTC-133 cancer cells versus
benign Nthy-ori 3-1 cells is affected by DEX (Figure 3A), we started to investigate the
cause in these two cell lines. Considering the different forces of cell adhesion and shear
forces on RPM (Figure 3B), DEX treatment of FTC-133 cells must result in adhesion forces
being greater than shear forces leading to cell detachment. When treated with a DEX
concentration of 1000 nM, spheroid formation of FTC-133 cells was completely suppressed
in contrast to Nthy-ori 3-1 cells (Figure 3C, grey area). Spheroid size was also affected
by DEX, but since the focus of this study was on the formation of spheroids rather than
their later development, this aspect was not further explored here. A trypsinization assay
showed that DEX increased the adhesiveness of both cell lines, and that random positioning
deceased the adhesiveness of Nthy-ori 3-1 cells.

FTC-133 cells showed a more bipolar or multipolar shape with cellular bridging in the
presence of DEX (Figure 3D, yellow arrows). Factors that may increase cell adhesion include
extracellular matrix composition (ECM) proteins and cell–cell or cell–ECM junctions.

3.4.1. Extracellular Matrix

We examined the ECM composition based on the immunofluorescence of several
major components, including fibronectin, collagen I/IV and laminin. Whereas DEX had
no effect on fibronectin in FTC-133 cells, we found an 8-fold increase of fibronectin in
DEX-treated Nthy-ori 3-1 cells. Moreover, we detected a decrease in fibronectin in RPM-
grown FTC-133 cells, which was also present, although to a lesser extent, in Nthy-ori 3-1
cells (Figure 4A,B). In the RPM+DEX samples, the FTC-133 cells produced a slightly lower
amount of fibronectin than the Nthy-ori 3-1 cells (Figure 4B).

Collagen I was more highly expressed in FTC-133 cells. Random positioning and
DEX treatment alone increased collagen I levels in Nthy-ori 3-1 cells and decreased them
simultaneously in FTC-133 (Figure 4C,D). Thus, collagen I levels of both cell lines were
almost identical after 72 h of DEX treatment. Interestingly, DEX treatment during random
positioning lead to a decrease in collagen I in both malignant and healthy cells (Figure 4D).
Collagen IV was only detectable in significant amounts in FTC-133 cells after 72 h. It was
less present after random positioning (Figure 4C).

Laminin was significantly reduced by DEX in FTC-133 cells, regardless of culture
condition (Figure 4E,F). In Nthy-ori 3-1 cells there was a slight increase of laminin in the
DEX-treated RPM group (Figure 4F).

While the amount of MMP-9 was not affected by either RPM or DEX, MMP-2 was
decreased after DEX administration in both FTC-133 and Nthy-ori 3-1 cells. Nthy-ori 3-1
cells exhibited generally lower levels of MMP-2 and MMP-9. In particular, MMP-9 was
increased 14-fold in FTC-133 cells (Figure 4G,H).

https://www.cellosaurus.org
https://www.cellosaurus.org
https://creativecommons.org/licenses/by/3.0/
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Figure 3. (A) Observed effects of 1000 nM DEX on the RPM-induced spheroid formation of FTC-133
und Nthy-ori 3-1 cells after 3 days; (B) putative reasons for the different behavior of the two cell lines.
AJ: adherens junction, FA: focal adhesion, TJ: tight junction; (C) number and size of spheroids formed
after 3 days on the RPM depending on DEX concentration; (D) trypsin-based cell detachment assay
reveals the general adhesiveness of cells after 24 h of culture in the presence and absence of DEX. The
yellow boxes show an enlargement of the outlined section. Scale bars: 300 µm.
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Figure 4. Effect of DEX (1000 nM) and random positioning on the ECM of FTC-133 and Nthy-ori 3-
1 cells after 3 days. (A) Immunofluorescence of fibronectin; (B) fluorescence-based quantification of 
fibronectin under the different culture conditions (n = 5); (C) immunofluorescence of collagen I (yel-
low) and collagen IV (purple); (D) fluorescence-based quantification of collagen I under the different 
culture conditions (n = 5); (E) immunofluorescence of laminin; (F) fluorescence-based quantification 
of laminin under the different culture conditions (n = 5); (G) intracellular protein levels of matrix 
metallopeptidases MMP-2 and MMP-9 indicated by Western blot (see also Supplementary File S1); 
(H) densitometric quantification of Western blot proteins (n = 3). Scale bars: 300 µm. * p < 0.05 vs. 
control condition (−DEX/−RPM); # p < 0.05. 

Figure 4. Effect of DEX (1000 nM) and random positioning on the ECM of FTC-133 and Nthy-ori 3-1
cells after 3 days. (A) Immunofluorescence of fibronectin; (B) fluorescence-based quantification of
fibronectin under the different culture conditions (n = 5); (C) immunofluorescence of collagen I (yel-
low) and collagen IV (purple); (D) fluorescence-based quantification of collagen I under the different
culture conditions (n = 5); (E) immunofluorescence of laminin; (F) fluorescence-based quantification
of laminin under the different culture conditions (n = 5); (G) intracellular protein levels of matrix
metallopeptidases MMP-2 and MMP-9 indicated by Western blot (see also Supplementary File S1);
(H) densitometric quantification of Western blot proteins (n = 3). Scale bars: 300 µm. * p < 0.05 vs.
control condition (−DEX/−RPM); # p < 0.05.
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In summary, we showed that, in FTC-133 cells, three major ECM structural components
were reduced by DEX treatment during random positioning. Compared with Nthy-ori 3-1
cells, the ECM components were even more reduced. In addition, FTC-133 cells produced
many more collagenases. All this cannot explain the different response of the two cell lines
to DEX treatment.

3.4.2. Cell Junctions

The expression of the tight junction (TJ) proteins claudin-1 and ZO-1 (zonula occludens
1) was significantly lower in FTC-133 cells than in Nthy-ori 3-1 cells under normal culture
conditions. However, in both cell lines, the levels of the proteins were increased by both DEX
and, to a lesser extent, by the RPM (Figure 5A,B). In particular, the expression of ZO-1 was
increased 27-fold in FTC-133 in the presence of DEX and 20-fold after exposure to the RPM. In
addition, FTC-133 cells showed increased nuclear localization of ZO-1 both on the RPM and
after DEX treatment (Figure 5A), indicating the formation and maturation of TJs [35].

Co-localization analysis of claudin-1 and ZO-1 confirmed the enhanced formation of
TJs by DEX, which reached the same amount in FTC-133 cells as in Nthy-ori 3-1 cells after
72 h, regardless of culture motion (Figure 5C). This increase in TJs could also explain the
cellular bridging and altered shape of FTC-133 cells in the presence of DEX (Figure 3D).
Another zonula occludens protein, ZO-2, showed similar regulation to ZO-1 in FTC-133
cells (Figure S1A). Overall, both FTC-133 cells and WRO cells showed very low baseline
expression of claudin-1 under static cell culture and strong upregulation during DEX treat-
ment on the RPM (Figure S1B). Therefore, TJ regulation might be related to the inhibition
of spheroid formation of both cell lines by DEX (Figure S1C).

E-cadherin expression was generally lower in FTC-133 cells than in Nthy-ori 3-1 cells.
Whereas E-cadherin was downregulated mainly by RPM in both cell lines, in FTC-133 cells,
both DEX and RPM had a suppressive effect on β-catenin levels (Figure 5D,E). Overall, the
amount of adherens junctions (AJs) was higher in FTC-133 cells in the RPM+DEX samples
than in standard culture, but still significantly lower than in Nthy-ori 3-1 cells (Figure 5F).

Unlike the benign cells, there was an increase in focal adhesions (FAs) in FTC-133
cancer cells in response to the RPM (Figure 5G–I). In Nthy-ori 3-1 cells, a similar effect was
detected in response to DEX. This is also reflected in the amount of the single components,
FAK (focal adhesion kinase) and integrin-β1 (Figure 5H). Nevertheless, the combination
RPM+DEX did not show any changes in the number of FAs in either cell line (Figure 5I).

In summary, although FTC-133 cells showed a significant increase in claudin-based
TJs and cadherin-based AJs after DEX treatment on RPM, the number of cellular junctions
examined in these experiments was not higher than that in Nthy-ori 3-1 cells.

3.4.3. Anti-Adhesion Molecules

Because neither the ECM composition nor the number of cellular junctions could
explain the different response of the two cell lines to DEX treatment, we further investigated
anti-adhesion effects. Thus, we examined the anti-adhesion molecule mucin-1 (MUC1),
which is known to inhibit cell–cell and cell–ECM interactions [36,37].

According to the literature [38], the oncoprotein mucin-1 was more highly expressed
in FTC-133 cells than in Nthy-ori 3-1 cells under static culture conditions. In FTC-133
cells, neither random positioning nor DEX treatment had any effect on mucin-1 levels
(Figure 6A,B). However, immunofluorescence revealed a significant increase of mucin-1 in
Nthy-ori 3-1 cells cultured on the RPM (Figure 6A,B). We also confirmed this effect for ML-1
cells (similar response to DEX as Nthy-ori 3-1), but not for WRO cells (similar response
to DEX as FTC-133) (Figure S2A). Treatment with 5 µM of the MUC1-inhibitor GO-203
showed that DEX could also suppress RPM-induced spheroid formation of Nthy-ori 3-1
cells after inhibition of mucin-1 (Figure 6D). In addition, we found an attenuated ability
for spheroid formation when we cultured Nthy-ori 3-1 cells in the presence of GO-203 on
the RPM (Figure 6E,F). Moreover, the amount of mucin-1 in the presence of GO-203 was
decreased after 72 h on the RPM (Figure 6G).
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Figure 5. Effect of DEX (1000 nM) and random positioning on the cell junctions of FTC-133 and
Nthy-ori 3-1 cells after 3 days. (A) Immunofluorescence of claudin-1 (red) and ZO-1 (green). The
small inserts show low signal pictures with higher brightness; (B) fluorescence-based quantification



Cancers 2023, 15, 1641 13 of 25

of claudin-1 and ZO-1 under the different culture conditions (n = 5); (C) co-localization of claudin-1
and ZO-1; (D) immunofluorescence of E-cadherin (red) and β-catenin (green); (E) fluorescence-based
quantification of E-cadherin and β-catenin under the different culture conditions (n = 5); (F) co-
localization of E-cadherin and β-catenin; (G) immunofluorescence of integrin-β1 (red) and FAK
(green); (H) fluorescence-based quantification of integrin-β1 and FAK under the different culture
conditions (n = 5); (I) co-localization of integrin-β1 and FAK. Scale bars: 300 µm. * p < 0.05 vs. control
condition (−DEX/−RPM); # p < 0.05.
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Figure 6. Effect of DEX (1 µM) and random positioning on mucin-1 in FTC-133 and Nthy-ori 3-1 cells
after 3 days. (A) Mucin-1 immunofluorescence in adherently growing cells. Mucin-1 is shown in
turquoise, with the outlines of the nuclei as dashed lines; (B) fluorescence-based quantification of
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mucin-1 under the different culture conditions (n = 5); (C) nuclear localization of mucin-1 (n = 5);
(D) spheroid formation of FTC-133 and Nthy-ori 3-1 cells in the presence of 1 µM DEX and 5 µM of the
MUC1-inhibitor GO-203; (E) hypothetical model that could explain the anti-adhesion of Nthy-ori 3-1
cells during RPM-induced increased mucin-1 expression. Mucin-1 is a transmembrane glycoprotein
consisting of two subunits, an extracellular, N-terminal highly glycosylated subunit (MUC1-N) and a
C-terminal transmembrane subunit (MUC1-C). MUC1-C can form homodimers that affect cellular
signaling pathways and gene expression; (F) spheroid formation of Nthy-ori 3-1 cells in the presence
of 5 µM GO-203; (G) MUC-1 immunofluorescence (turquoise) of adherently growing Nthy-ori 3-1
cells in absence and presence of 5 µM GO-203. (H) MUC1-C activates the Wnt/β-catenin pathway
and induces MYC expression. TF: transcription factor. (I) Expression levels (mRNA) of the MYC gene
(n = 5). Scale bars: 300 µm. * p < 0.05 vs. control condition (−DEX/−RPM); # p < 0.05.

The C-terminal transmembrane subunit of mucin-1 (MUC1-C) can activate the Wnt/β-
catenin pathway and induce expression of MYC and other Wnt genes (Figure 6H). Consis-
tent with the immunofluorescence data of Nthy-ori 3-1 cells (Figure 6A–C), the expression
of MYC was significantly increased on the RPM (Figure 6I).

3.5. Dexamethasone Influences Signal Transduction Pathways
3.5.1. Glucocorticoid Receptor Signaling

The main actions of DEX occur through the activation of the glucocorticoid receptor
(GR, gene symbol: NR3C1), which is activated by phosphorylation and can actively shuttle
between cytoplasm and nucleus, where it acts as a transcription factor (Figure 7C) [39].
To verify whether GR effects were responsible for the observed spheroid suppression in
FTC-133 cells, we used the competitive GR inhibitor mifepristone (MIF). We found that
increasing amounts of MIF (1–20 µM) in the presence of DEX (1 µM) indeed facilitated the
(re-)formation of small tumor spheroids.

However, the spheroids in the presence of MIF were smaller than in the vehicle
samples (Figure 7A), maybe due to its known anti-proliferative effect. Quantification of the
spheroids showed very well the competitive principle of MIF and DEX: with increasing
MIF concentration, the number of spheroids formed approaches of the untreated control
group (Figure 7B).

With this information, we took a closer look at GR activity under random positioning
and DEX treatment. Under static cell culture conditions, expression of the NR3C1 gene was
lower in FTC-133 cells (68.3%) compared to Nthy-ori 3-1 (Figure 7D). Moreover, NR3C1
transcription in the two cell lines was affected differently by external conditions: While
NR3C1 mRNA levels in FTC-133 cells were increased by DEX, they were decreased in
Nthy-ori 3-1 cells by random positioning (Figure 7E).

Western blot showed an increased GR amount in FTC-133 cells on the RPM in the
absence of DEX. We also observed a generally lower amount of “activated” p-GR (Ser211)
in Nthy-ori 3-1 cells and a strong increase in p-GR after the addition of DEX in both cell
lines (Figure 7F,G).

In the absence of DEX, GR was mainly located in the cytoplasm near the nucleus of
FTC-133 cells (Figure 7H, yellow arrows). In the presence of DEX, the amount of GR was
reduced, but little was translocated to the nucleus (Figure 7H,I). GR translocation was not
significantly altered by random positioning after 72 h, suggesting that the RPM has no
major influence on normal GR behavior in FTCs. In Nthy-ori 3-1 cells, GR was significantly
translocated to the nucleus during DEX treatment (Figure 7H,I).

At the gene expression level, the GR target genes FKBP5 and DUSP1 were found to
be upregulated in both cell lines in the presence of DEX under both rotational and static
conditions (Figure 7J).
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Figure 7. Effect of DEX on the glucocorticoid receptor (GR) and GR signaling in FTC-133 and Nthy-ori
3-1 cells after 3 days. (A) Spheroid formation (white arrows) of FTC-133 cells in the presence of
1 µM DEX and different concentrations (1–20 µM) of the competitive GR inhibitor mifepristone
(MIF); (B) number of FTC-133 spheroids formed on the RPM in the presence of DEX and MIF
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(n = 10). (C) Simplified schematic representation GR’s mechanism of action. The genomic effects
of DEX occur through its binding to GR and the movement of DEX-GR to the nucleus, where they
can regulate the transcription of genes. GRE: glucocorticoid response element, TF: transcription
factor, TFRE: transcription factor response element. (D) Expression levels (mRNA) of the NR3C1
gene (n = 5); (E) fold changes of NR3C1 expression under the different culture conditions (n = 5);
(F) intracellular protein levels of GR and phosphorylated GR (p-GR) indicated by Western blot (see
also Supplementary File S1); (G) densitometric quantification of Western blot proteins (n = 3); (H) GR
immunofluorescence in adherently growing cells. GR is shown in green, with the outlines of the
nuclei as dashed lines. In DEX-free FTC-133 cultures, GR is located near the nucleus (yellow arrows).
(I) Nuclear localization of GR (n = 5); (J) fold changes in the expression of some signature genes of
the GR pathway under the different culture conditions (n = 5); (K) fold changes in MUC1 expression
on the RPM after different time points (n = 5). Scale bars: 300 µm. * p < 0.05 vs. control condition
(−DEX/−RPM); # p < 0.05.

However, the upregulation of DUSP1 (encoding dual specificity protein phosphatase 1)
in FTC-133 cells on the RPM was lower than in the static cell culture. In addition, one other
mutual target gene of GR, MUC1 (encoding mucin-1), was downregulated in FTC-133 cells
primarily by the RPM, whereas in Nthy-ori 3-1 cells it was decreased by random positioning
but also upregulated by DEX (Figure 7J). The observed overexpression of mucin-1 protein
in Nthy-ori 3-1 cells on the RPM (Figure 6A) could be explained by a transient upregulation
of MUC1 and subsequent negative feedback after 72 h (Figure 7K).

Since a large percentage of GR binding sites is known to be hypoxia-specific [40–42]
and we needed to work with completely filled cell culture flasks for random positioning,
we also checked whether there was a gene expression response to hypoxia via hypoxia-
inducible factor 1α (HIF1A). We found that HIF1A expression was upregulated only in
Nthy-ori 3-1 cells when the culture flasks were completely filled (Figure S3). This change
was independent of RPM exposure or DEX treatment.

3.5.2. Cell Stress Signaling

A crosstalk between GR and p38 mitogen-activated protein kinase (MAPK) was
reported earlier [43–45]. p38 (gene symbol: MAPK14) can be activated by phosphorylation
through mechanical forces [46] and then either accelerates the activation of GR or migrates
to the nucleus, where it can itself affect various transcription factors and thus control the
expression of numerous genes (Figure 8A). MAPK14 was expressed about three-fold higher
in the cancer cells (Figure 8B), and transcription was upregulated by DEX treatment in both
FTC-133 cells and Nthy-ori 3-1 cells. However, downregulation of MAPK14 by random
positioning was also observed in FTCs (Figure 8C).

The p38 protein levels were generally higher in Nthy-ori 3-1 cells compared with FTC-
133 cells and were not significantly affected by DEX treatment or the RPM. Phosphorylated
p-p38 (Thr180, Tyr182), which can be transferred to the nucleus, was significantly increased
in FTC-133 cells on the RPM without DEX and significantly decreased after DEX treatment.
In Nthy-ori 3-1 cells, p-p38 levels were not altered by DEX or by random positioning
(Figure 8D,E).

Under static cell culture conditions, p38 was mainly located in the cytoplasm of FTC-
133 cells, whereas on the RPM, p38 was shifted into the nucleus. This translocation did
not occur in the presence of DEX. In contrast, in Nthy-ori 3-1 cells, p38 was shifted into
the nucleus only in the presence of DEX (Figure 8F). Thus, we found a strong activation of
the p38 pathway during random positioning in FTC-133 cells without DEX and a slight
activation of this pathway in Nthy-ori 3-1 cells with DEX (Figure 8G).

Genes under the control of p38 include IL6, CXCL8 and IL1B. Consistent with the
nuclear localization of p38, all three genes were upregulated on the RPM in FTC-133 cells,
and for IL6 and CXCL8 we found attenuation of the mRNA levels on the RPM in the
presence of DEX. In Nthy-ori 3-1 cells, gene expression was not affected by the RPM alone,
but IL6 and IL1B were downregulated on the RPM in the presence of DEX (Figure 8H).
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Figure 8. Effect of DEX on p38 MAPK and p38 signaling in FTC-133 and Nthy-ori 3-1 cells after 3 days.
(A) Simplified schematic representation of p38′s mechanism of action. GRE: glucocorticoid response
element, TF: transcription factor, TFRE: transcription factor response element. (B) Expression levels
(mRNA) of the MAPK14 gene (n = 5); (C) fold changes of MAPK14 expression under the different culture
conditions (n = 5); (D) intracellular protein levels of p38 and phosphorylated p38 (p-p38) indicated by
Western blot (see also Supplementary File S1); (E) densitometric quantification of Western blot proteins
(n = 3); (F) p38 immunofluorescence in adherently growing cells. p38 is shown in green, with the outlines
of the nuclei as dashed lines. (G) Nuclear localization of p38 (n = 5); (H) fold changes in the expression
of some mutual signature genes of the p38 pathway under the different culture conditions (n = 5). Scale
bars: 300 µm. * p < 0.05 vs. control condition (−DEX/−RPM); # p < 0.05.
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4. Discussion

In this study, we showed that DEX is not only able to suppress RPM-induced spheroid
formation of FTC-133 follicular thyroid cancer cells, but this inhibition was selective for
two metastatic thyroid carcinoma cells, WRO and FTC-133, whereas benign Nthy-ori 3-1
cells and recurrent ML-1 thyroid cancer cells were not affected by DEX.

4.1. Effects of Dexamethasone

DEX is commonly used in clinical practice to treat side effects such as nausea and
vomiting caused by chemotherapy. Wu et al. [47] pointed out that DEX itself is able to
inhibit tumor cells in vitro and in vivo. That DEX may also have an anti-metastatic effect is
supported by several findings. In a recent study, DEX not only decreased the viability of
T47D human breast cancer cells in a time- and dose-dependent manner, but also reduced
their cell adhesion and migration. This effect was explained by the altered expression of
α-/β-integrin, E-/N-cadherin and MMP-2/-9 in response to DEX treatment [48]. Other
authors described a disruption of dynamic cytoskeletal organization in these cells when
they were treated with DEX [49]. Lin et al. [50,51] previously observed suppression of
ovarian cancer metastasis by DEX. In human bladder cancer cells, suppression of MMP-2,
MMP-9 and IL-6 expression, as well as induction of mesenchymal-to-epithelial transition
(MET were found in the presence of DEX [52]. Therefore, the described effects of DEX on
the RPM metastasis model are not entirely unfounded.

Control of GR by PTEN (phosphatase and tensin homolog) appears to be a fail-safe
mechanism for tumor suppression [53]. The loss of PTEN activity in FTC-133 cells might
affect GR levels, which could explain the lower translocation of GR into the nucleus of FTC-
133 cells in the presence of DEX. In endothelial cells, shear stress led to nuclear localization
of GR and consequent expression from the GRE promoter [54,55]. This we could not detect
with our thyroid cells on the RPM. While the RPM seems to play a rather minor role in
YAP1/Hippo signaling in the adherent cell population, FTC-133 cells responded to random
positioning with strong activation of p38. This p38 stress signaling in FTC-133 cells could
be inactivated by DEX, maybe due to the kinase activity of GR-induced DUSP1, which
was upregulated after DEX treatment. In comparison, Nthy-ori 3-1 cells also activated
p38 on the RPM but to a lesser extent and without sensitivity to DEX. Thus, DEX directly
interferes with RPM-induced stress signaling via p38 in FTC-133 cells and antagonizes a
variety of gene expressions and cell functions according to the multiple transcriptional
substrates of p38 [56].

4.2. RPM-Induced Spheroid Formation and Its Inhibition by Dexamethasone

It has been previously reported in the literature that both healthy (Nthy-ori 3-1) and
low-differentiated follicular thyroid cancer cells (ML-1, FTC-133, and WRO) form spheroids
on the RPM within 24 h [57–62]. All these cells required a lag time of several hours
before some of the cells detached from the bottom of the culture flask and assembled into
3D aggregates, while others remained attached. According to the latest comparison by
Warnke et al. [58], no striking difference was found between healthy and cancer cells with
respect to morphological changes induced by random positioning. It was therefore even
more surprising that DEX specifically inhibits the spheroid formation of metastatic thyroid
carcinoma cells on the RPM. This suggests that the RPM-induced spheroid formation of
the different cell types may not be identical. To date, very few studies have addressed
the question of how spheroid formation on the RPM is affected by drugs or the targeted
blocking of functional proteins (Table 1). Therefore, it is very difficult to obtain insightful
data from this works.
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Table 1. Other studies on targeting RPM-induced spheroid formation of cancer cells.

Cell Line Drug Main Findings Reference

FTC-133 Dexamethasone Inhibition of spheroid formation. [31]

MCF-7
Dexamethasone Reduced spheroid formation.

[63]Rolipram No effects.
Olaparib No effects.

MCF-7
PP2 Inhibition of spheroid formation.

[64]anti-E-cadherin Increased spheroid formation.

Some years ago, Lin and Wang [65] summarized the use of glucocorticoids in can-
cer treatment. In their literature review, they found different effects, in particular that
glucocorticoid treatment could promote the growth of malignant solid tumors in certain
cancers, while playing a suppressive role in tumor progression and metastasis in other
cancers. They concluded that simple cellular experimental models are not sufficient to
accurately predict therapeutic outcome in vivo [65]. According to the current literature,
space science-derived RPM [66,67] enables a complex, though not yet fully understood,
in vitro model for adherent cancer cell metastasis [19–21,68]. Since RPM also promotes
3D growth of other benign cells, it is understandable that there must be some differences
between spheroid and tumor spheroid formation, although the visible result is the same
in the end. Comparisons between FTC-133 and Nthy-ori 3-1 RPM cell cultures have been
performed in the past. Kopp et al. [57] suggested that growth and angiogenic factors may
be responsible for the differences in RPM-induced spheroid formation between malignant
and healthy thyroid cells. Warnke et al. [58,59] confirmed the involvement of cytokines
and focal adhesion proteins during the RPM culture of both cell lines. However, these
comparisons were primarily related to gene and protein expression of markers with a focus
on the response to altered gravity conditions. In this study, we took a more functional
phenotypic approach to explain why benign thyroid cells respond differently to DEX on the
RPM treatment than the corresponding carcinoma cells. In this way, we could determine
that the adhesion of tumor and healthy thyroid cells on the RPM is affected differently.

We observed, under normal culture conditions, that DEX increased the adhesion of
both cell types. This can be explained, on the one hand, by the increased expression of
fibronectin (only in Nthy-ori 3-1 cells) and, on the other hand, by an increased formation of
TJs, which was particularly observed in metastatic FTC-133 and WRO cells. Glucocorticoid-
induced TJ formation and re-organization has been previously described and studied
in mouse mammary epithelial cells [69,70] and in preclinical human intestinal models
(summarized in [71]). In our experiments, the RPM also increased the expression of TJ
proteins claudin-1 and ZO-1, as well as the formation of TJs, which had an enhancing
effect when combined with DEX treatment. In a clinorotation experiment with MCF-7
breast cancer cells, Adamian et al. [72] recently observed similar increases in claudin-1 and
claudin-3 after 72 h.

It is known that changes in the expression and/or distribution of TJ proteins can lead
to a loss of cohesion of the TJ structure. This, in turn, gives cancer cells the ability to invade
and ultimately metastasize [73]. In general, low expression of TJs is observed in highly
metastatic cancer cells [74], and dedifferentiation of thyroid carcinomas is associated with a
decrease in claudin-1, -4, and -7 expression [75]. In FTC-133 cells, our data confirmed low
TJ protein expression. However, intracellular localization of claudins is also important, as
pure overexpression of non-junctional nuclear claudin-1 in FTC-133 cells led to increased
cell migration and invasion [76].

In addition, we also found an increase in AJs in FTC-133 when the cells were treated
with DEX on the RPM. AJs have a similar structural organization to TJs: cadherins form
contacts with catenins, and these complexes connect the cell surface to the cytoskeleton. In
particular, decreased expression or loss of cadherins has been associated with epithelial
tumor development, invasion and metastasis [77]. In addition, for the RPM metastasis
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model, Sahana et al. [64] found that blocking E-cadherin with an antibody increased the
tumor spheroid formation of MCF-7 cells. In thyroid cancer, E-cadherin expression is con-
sidered a potential predictive factor for clinical disease progression [78]. Huang et al. [79]
reported that the loss of cell adhesion in CGTH W-2 thyroid cancer cells compared with
healthy thyrocytes may be due to the incomplete assembly of the cadherin–catenin com-
plexes at the cell membrane. Thus, an increase in assembled AJs, as we have seen from the
co-localization of E-cadherin and β-catenin, could also lead to enhanced cell adhesion.

Therefore, it is reasonable to speculate that the increased number of TJs and AJs,
especially in FTC-133 cells, could cause a reduction in cell migration after DEX treatment
on the RPM, which then leads to the inhibition of tumor spheroid formation. In addition,
it would be important to clarify whether the increased occurrence of cell–cell junctions
influences the detachment behavior of the cancer cells. It is possible that coherent aggregates
of cells, rather than individual cells, detach. For this investigation, an RPM microscope
would have to be available, which is currently not the case. Furthermore, this alone does
not answer the question of why RPM-induced spheroid formation of healthy Nthy-ori 3-1
cells is not inhibited by DEX, where the amount of ECM proteins and cell junctions is as
high or higher than in FTC-133 cells.

4.3. Spheroids from Healthy Cells on the RPM—A Question of Anti-Adhesion?

Cell surface-associated mucins such as mucin-1 are involved in the protection of
epithelial surfaces from mechanical stress [80]. This protection program seems to be
activated in adherent Nthy-ori 3-1 and ML-1 cells on the RPM, but not in FTC-133 and
WRO cells. Because mucin-1 was upregulated in Nthy-ori 3-1 cells only in the RPM samples
(not by DEX alone), a hypoxia-induced effect, which has been described in other epithelial
cells for other mucins [81], can be excluded here. One possibility could be RPM-induced
expression of MUC1 via STAT3, as recently described in chondrocytes [82]. Due to steric
hindrance of mucin-1 and adhesion proteins, overexpressed mucin-1 has an anti-adhesion
effect on cells [83]. Intracellularly, it leads to loss of cell–cell contact and induces anchorage-
independent growth including resistance to anoikis [84,85]. Both effects could favor the
detachment of Nthy-ori 3-1 cells during random positioning, which show much stronger
adhesion than metastatic FTC-133 cells under normal culture conditions (Figure 3D). They
could even allow the formation of spheroids from cells that would otherwise not detach
during random positioning, or undergo anoikis after detachment. Indeed, the absence of
such an unexpected mucin-1 increase may explain why not all benign or primary human
cells readily form 3D structures on the RPM. Spheroid formation on the RPM is more
frequently observed in tumor cells, which tend to spread or migrate and generally have
higher mucin expression [86]. One of the best-known example pairs studied so far on the
RPM is probably MCF-7 mammary tumor cells and MCF-10A mammary epithelial cells.
Monti et al. [86] showed that only MCF-7 cells formed spheroids on the RPM after 72 h. In
addition, we found by immunofluorescence analysis that MCF-10A cells expressed very
little mucin-1 protein (Figure S2B). Triple-negative MDA-MB-231 cells, which also have very
low levels of mucin-1 [87], tend to adhere to culture flasks on the RPM rather than detach
(unpublished data). It is also known that MUC1 gene expression in prostate cancer cells
is inhibited by the androgen receptor (AR) [88]. In some of our preliminary experiments,
AR-positive LnCAP cells detached less from the growth surface after administration of
dihydrotestosterone. Mucin-1 immunofluorescence staining confirmed a decrease in protein
amount in the presence of dihydrotestosterone (Figure S2C). In addition, RPM-induced
spheroid formation was observed to be absent in some primary endothelial cells. While
human umbilical vein endothelial cells (HUVECs) are able to form 3D aggregates, this does
not work for human saphenous vein endothelial cells (HSVECs) under RPM conditions [89].
At least for HUVECs, it was demonstrated that mucin-1 is expressed and can be released
from the cell membrane [90]. However, we could not find any information about mucin-1
in HSVECs so far.
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In this study, we attempted to target mucin-1 pharmaceutically. Although GO-203
is primarily an inhibitor of MUC1-C and thus blocks its intracellular signaling, an auto-
inductive effect that has been described for mucin-1 [91] could explain the reduction of
(surface) mucin-1 observed after supplementation of GO-203 (Figure 6G).

In summary, it seems important to note that not only adhesion proteins play a role in
RPM-induced spheroid formation, but also anti-adhesion proteins.

5. Conclusions

For gravitational biologists, the RPM offers a good platform to study tumor progres-
sion or metastasis in vitro and to uncover special targets for cancer therapy [19–21,68]. In
this study, we could show that RPM-grown thyroid cancer cells behave differently than cor-
responding benign epithelial cells when treated with DEX. Comparative analyses showed
that the cell detachment process (which is often referred to as ‘in vitro metastasis’) during
random positioning is selectively suppressed by DEX in metastatic cancer cells; on the
one hand, due to massive formation of TJs in these cells, and, on the other hand, due to
the upregulation of anti-adhesive mucin-1 in their non-metastasis-derived relatives by the
RPM. The overall picture of an initially hypothesized anti-metastasis effect of DEX in vitro
emerged from an interplay of different effects of the cells, all of which responded differently
to RPM cell culture. The balance between adhesion and anti-adhesion appears to allow
detachment of adherent human cells on an RPM. This depends on the origin of the cells,
their development, and their consequent susceptibility to stress. Therefore, it will continue
to be very important to study exactly how human cells behave in rotating bioreactors in
order to derive the maximum benefit from these model systems for translational medicine.
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mdpi.com/article/10.3390/cancers15061641/s1, Figure S1: Effect of DEX (1000 nM) and random
positioning on tight junction proteins after 3 days; Figure S2: Mucin-1 expression in relation to cell
adhesion of different cell lines in RPM experiments; Figure S3: Oxygen saturation and hypoxia-
induced expression of HIF1A in completely filled cell culture flasks; Table S1: Antibodies used for
immunofluorescence and Western blot analyses; Table S2: Primer sequences for quantitative real-time
PCR. File S1: Full-size Western blots.
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Abstract: A diabetogenic state induced by spaceflight provokes stress and health problems in astro-
nauts. Microgravity (µg) is one of the main stressors in space causing hyperglycaemia. However,
the underlying molecular pathways and synergistic effects of µg and hyperglycaemia are not fully
understood. In this study, we investigated the effects of high glucose on EA.hy926 endothelial cells
in simulated µg (s-µg) using a 3D clinostat and static normogravity (1g) conditions. After 14 days
of cell culture under s-µg and 1g conditions, we compared the expression of extracellular matrix
(ECM), inflammation, glucose metabolism, and apoptosis-related genes and proteins through qPCR,
immunofluorescence, and Western blot analyses, respectively. Apoptosis was evaluated via TUNEL
staining. Gene interactions were examined via STRING analysis. Our results show that glucose
concentrations had a weaker effect than altered gravity. µg downregulated the ECM gene and protein
expression and had a stronger influence on glucose metabolism than hyperglycaemia. Moreover,
hyperglycaemia caused more pronounced changes in 3D cultures than in 2D cultures, including
bigger and a greater number of spheroids, upregulation of NOX4 and the apoptotic proteins NF-κB
and CASP3, and downregulation of fibronectin and transglutaminase-2. Our findings bring new
insights into the possible molecular pathways involved in the diabetogenic vascular effects in µg.

Keywords: microgravity; endothelial cells; hyperglycaemia; 3D cell culture; apoptosis; extracellular
matrix; interleukin-8

1. Introduction

Space travel, including the near-future expeditions to the Moon, Mars, and other
planets and an increase in space tourism, sounds exciting and adventurous, but it possesses
many health-related hazards. Stressors, such as noise, isolation, hypoxia, disrupted circa-
dian rhythms, exposure to ionizing radiation, and microgravity (µg), induce a cumulative
and significant effect on health [1,2]. Prolonged exposure to the space environment causes
alterations in glucose and lipid metabolism [3], and telomeric, epigenetic, ocular, and cogni-
tive changes [4]. It has been suggested that, in particular, µg causes subclinical diabetogenic
changes. These manifest as insulin secretion and sensitivity alterations, decreased glucose
tolerance and increased plasma glucose [5].

Glucose and insulin intolerance is a common complication during spaceflight [6] and
its terrestrial s-µg analogues, such as head-down tilt bed rest [7] or dry immersion [8].
Understanding how hyperglycaemic conditions in space affect astronauts’ health during
long-term missions is crucial, and it is important to know and address all the subsequent
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health hazards during and after spaceflight. For instance, µg, hyperglycaemia, and persis-
tent low-grade inflammation are linked to chronic non-healing wounds. They are another
relevant concern for space agencies [9]. Hyperglycaemia can trigger oxidative stress and
inflammation via the AGE–RAGE axis by increasing TNFα, IL-6, and endothelin, and de-
creasing nitric oxide levels. Increased glucose availability generates more reactive oxygen
species (ROS) and diminishes antioxidant surveillance, increasing oxidative stress. This,
in turn, activates nonoxidative glucose pathways that further increase ROS production,
stimulating the vicious metabolic cycle [10].

The exposure of endothelial cells to hyperglycaemia is linked with endothelial dysfunc-
tion and apoptosis [11]. High glucose also induces aerobic glycolysis and transglutaminase-2
(TG2) activity [12] and can trigger apoptosis via intracellular Ca2+ and ROS-induced activa-
tion of TG2 [13]. Another important fact is that endothelial cells are sensitive to mechanical
forces as they are constantly influenced by shear stress, extracellular matrix (ECM) stiffness,
mechanical stretch, and gravity. It was detected that endothelial cell apoptosis could be
regulated via such mechanical forces [14]. However, the molecular mechanisms underlying
the synergistic effects of µg and hyperglycaemia are not fully understood.

The principal aim of this study was to investigate the effects of hyperglycaemia on
endothelial cells’ behaviour and key gene and protein expression in s-µg using a 3D clinostat
and static normogravity (1g) conditions. After 14 days of cell cultivation under s-µg and
1g conditions, we harvested the cell material and measured the gene expression of ECM,
inflammatory, glycolysis, glucose transport, and apoptosis-related genes. Apoptosis was
further evaluated through TUNEL assay staining. Additionally, a Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) analysis was performed to investigate
the overall interactions among the genes and proteins of interest.

2. Materials and Methods
2.1. Cell Culturing

The immortalised cell line EA.hy926 (CRL-2922; ATCC, Manassas, VA, USA) was
used in this study. It is a somatic cell hybrid type with endothelial cell morphology,
displaying Weibel–Palade bodies that are specific to vascular endothelium, as previously
described [15]. This cell line was derived by fusing primary human umbilical vein cells with
a lung carcinoma A549 cell line. EA.hy926 cells (deposited by CS. Edgell) were purchased
from ATCC (CRL-2922™).

The EA.hy926 cells were seeded into T25 flasks (Sarstedt, Nümbrecht, Germany) or
slide flasks (Nunc™ Lab-Tek™ SlideFlask; Thermo Fisher Scientific, Waltham, MA, USA) for
immunofluorescence staining and cultured using DMEM medium (D4947, Merck), supple-
mented with 10% FBS (F7524, Merck, Damstadt, Germany) and 1% penicillin/streptomycin
solution (P4333, Merck, Damstadt, Germany), corresponding to low glucose (LG) medium.
Half of the flasks were grown in hyperglycaemic conditions with high glucose (HG)
medium, which was pre-made by supplementing regular 5 mM DMEM medium with
D-(+)-Glucose solution (G8769, Merck, Damstadt, Germany). The cells were cultured either
in 1g or s-µg conditions with either LG or HG medium for 2 weeks. The medium was
changed once after seven days. The experimental length was selected to recreate real µg
experiments in space, where good cell viability was demonstrated for at least 14 days [16].

2.2. Three-Dimensional Clinostat

Microgravity conditions were simulated using a custom-built 3D clinostat, which
was designed and constructed by the German Space Agency (Deutsches Zentrum für
Luft-und Raumfahrt, DLR, Cologne, Germany) and later revised by Aarhus University,
Denmark [17].

The clinostats are the so-called National Aeronautics and Space Administration′s
(NASA) and European Space Agency’s (ESA) acknowledged ground-based facilities and
simulated µg (s-µg) on Earth [18]. These devices minimise the influence of gravity by
rotating the biological sample around all three axes.
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To prepare the flasks for cultivation in s-µg using the custom-built 3D clinostat,
EA.hy926 cells were seeded at 5 × 105 density into T25 flasks (n = 6 for each experimental
condition) or at 3 × 105 density into slide flasks (n = 6 for each experimental condition) in
LG medium. Cell counting was performed using Corning® Cell Counter (CLS6749, Merck,
Darmstadt, Germany), and cell viability was assessed via staining with Trypan blue 0.4%
solution (T8154, Sigma-Aldrich, Burlington, MA, USA). The cells were kept in 1g conditions
(37 ◦C, 5% CO2) for 24 h to let the cells adhere. Then, serum starvation was implemented for
another 24 h. Afterward, the FBS-free medium was removed, and the flasks were filled to
the top with either LG or HG growth medium. The bubbles floating on top were removed
through suction, and the lids were carefully screwed to avoid the formation of new air
bubbles. In addition, the bottle caps were wrapped with sterilised parafilm and enclosed
in sterilised sachets to prevent contamination. Then, half of the flasks were transferred
from the laminar flow cabinet to the clinostat (37 ◦C) and mounted as close to the centre
of rotation as possible. Another half of the flasks were used as static 1g controls and were
placed in the incubator. The point of cell transfer to either clinorotation or incubator was
considered the 1st day of the experiment.

The morphological evaluation of cell growth was performed using a light microscope
(Leica DM IL LED, Germany) on the 1st, 7th, and 14th days of cell culture.

After seven days, half of the LG and HG medium from each flask was removed and
replaced with complete fresh medium before allowing s-µg flasks to stand vertically for
30 min to avoid sucking out the multicellular structures (MCS) and allowing them to settle
down. After an additional week of cultivation in 1g and µg, the cells, including adherent
cells (AD) and MCS from s-µg flasks, were collected. The spheroid count (n = 5) and
spheroid area (n = 6) were calculated from the images obtained on day 14 with an EVOS
M5000 microscope from s-µg flasks (Thermo Scientific, Waltham, MA, USA).

2.3. Sample Collection and Protein Extraction

After 14 days, the cell samples for qPCR and Western blot experiments were col-
lected. Media from 1g flasks were discarded, and media from s-µg flasks were poured into
50 mL tubes to collect s-µg-MCS. Each flask surface was washed three times with 5 mL of
phosphate-buffered saline (PBS) and mechanically detached with cell scrapers (Sarstedt,
Nümbrecht, Germany). The cell suspensions were collected in new 50 mL tubes (for 1g and
s-µg-AD cells). Then, all tubes containing the cells were centrifuged at 1000 rpm for 10 min
at 4 ◦C. Supernatants (leaving approx. 1 mL) were removed, resuspended, and transferred
to Eppendorf tubes. The Eppendorf tubes were centrifuged at 1000 rpm for 10 min at 4 ◦C,
and the supernatant was fully removed.

The pellets for qPCR experiments were loosened up in a small amount (100–200 µL)
of RNAlater Stabilization Solution (Invitrogen by Thermo Fischer), resuspended in a total
of 1 mL of RNAlater, transferred to Eppendorf tubes, and put into a −20 ◦C freezer until
further use.

The pellets for Western blot experiments were lysed with lysis buffer (RIPA with Halt
protease and phosphatase inhibitor cocktail (78841, ThermoFisher Scientifics Waltham, MA,
USA)) and protease/phosphatase inhibitor (1:100) by adding half the amount to pellet size,
vortexed for 30 s and kept on ice for 30 min. During that time, the tubes were vortexed
every 10 min for 30 s, followed by a sonification of 45 s using a Branson 2210 Ultrasonic
bath (Buch & Holm, Herlev, Denmark). Then, the samples were centrifuged (10 min, 4 ◦C,
13,000 rcf), and the supernatants were transferred into new Eppendorf tubes. Protein
concentration was determined using Lowry’s method.

2.4. Western Blot Analysis

The protein samples were boiled at 95 ◦C for 5 min. The wells of the Criterion TGX
Stain-Free Gel (5678084, Bio-Rad, Hercules, CA, USA) were rinsed twice with 200 µL of
the running buffer (1610772, Bio-Rad). Then, the samples were loaded, dedicating a few
wells for a molecular weight marker (161-0373, Bio-Rad, Hercules, CA, USA). The gel
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ran for 30 min at 250 V with the running buffer. After the run, the gel was removed
from the plastic and exposed to UV light to activate the gel and obtain an image for total
protein quantification and normalization. During the gel UV scan, the polyvinylidene
difluoride membrane (1620177, Bio-Rad, Hercules, CA, USA) was activated with ethanol
99.9% for 5 min, followed by washing the membrane with transfer buffer (10026938, Bio-
Rad, Hercules, CA, USA). The filter papers were soaked in the transfer buffer for a few
minutes before the transfer. The gel, the membranes, and the filter papers were stacked and
put into the Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA) for 30 min at
100 V.

The membrane was read with UV light to show the total protein transferred and
washed for 10 min with Tris-buffered saline-Tween 20 (TBST) to remove the excess transfer
buffer. Then, the membrane was incubated for 5 min with the EveryBlot blocking buffer
(12010020, Bio-Rad, Hercules, CA, USA). After blocking, the membrane was incubated
with the primary antibody (Table A1) in a blocking buffer for 2 h at RT or overnight at 4 ◦C.
Then the membrane was washed for 10–15 min 4 times with TBST, followed by incubation
with the secondary antibody diluted in a blocking buffer for 2 h at RT. After appropriate
washing steps, the membrane was developed using Clarity Western ECL Substrate (1705061,
Bio-Rad, Hercules, CA, USA) solution according to the manufacturer’s instructions. Both
reagents were mixed in a 1:1 ratio and spread on the membrane surface in the dark for
5 min. The images were obtained with Syngene PXi Touch (Syngene by Synoptics Group)
and analyzed with the Syngene Gene Tools analysis software. Data are relative to total
protein and expressed as % of control; n = 4 for NF-κB p65 and CASP-3 analysis, n = 5 for
TG2, NOX4, and FN1. An overview of the used antibodies is given in Table A1.

2.5. Immunofluorescence Staining and Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labelling (TUNEL) Assay

Slide flasks after 14 days of cultivation were used for immunofluorescence staining.
Media from 1g and s-µg slide flasks were discarded. The cells were fixed with 4% PFA
at room temperature (RT) for 20 min, then washed 3 times with PBS (3 min/wash). The
permeabilization was performed with Triton-X 0.1% solution in PBS for 10 min, followed
by a washing step. Then, the cells were blocked with 5% BSA in PBS for 30 min at RT. After
the blocking step, the blocking solution was discarded, and the flask was detached from
the slide with a special tool.

The cell surface area was covered with corresponding primary antibody solutions and
diluted in 1% BSA in PBS. The samples with the primary antibodies were kept in a humidi-
fied, light-protected box at 4 ◦C overnight. The next day, the cells were washed and incu-
bated with the secondary antibodies for 1 h at RT in a humidified dark box. Then, the slides
were rinsed with deionized water, preserved, and counterstained with FluoroshieldTM with
DAPI (F6057, Sigma-Aldrich, Burlington, MA, USA) mounting medium. The slides were
sealed with cover glass and allowed to dry for 1–2 h before visualisation. The slides were
stored at 4 ◦C protected from light. A list of antibodies and dilutions used is presented in
Table A1.

To evaluate the level of apoptosis, some slide flasks were analysed with Click-iT™
TUNEL Alexa Fluor Imaging Assay for Microscopy & HCS (C10245, Invitrogen by Thermo
Fischer, Waltham, MA, USA), which was performed according to the manufacturer’s
recommendations. This method was published in detail previously [19].

Immunofluorescence and TUNEL assay staining were analysed with an inverted confo-
cal laser scanning microscope with super-resolution (LSM 800 Airyscan, Zeiss, Oberkochen,
Germany). Images of TUNEL staining, triosephosphate isomerase 1, and fibronectin were
obtained with a 40× air objective; all other images were acquired with a 40× oil immer-
sion objective. Excitation and emission wavelengths were as follows: λexc = 495 nm and
λem = 519 nm for FITC; λexc = 493 nm and λem = 517 nm for AF488; λexc = 557 nm and
λem = 572 nm for AF546. All samples were analysed with the image analysis program



Biomolecules 2023, 13, 189 5 of 22

ZEN 3.5 (Blue Edition). At least five fields of view were captured for TUNEL and each
antibody staining (n = 5).

2.6. RNA Isolation and Quantitative Polymerase Chain Reaction (qPCR)

The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to isolate RNA according to
the manufacturer’s instructions. RNA concentrations and quality were assessed spectropho-
tometrically at 260 nm using an Implen™ NanoPhotometer™ N60. The A260/280 ratio
of isolated RNA was 1.5 or higher. The cDNA for quantitative real-time PCR (qPCR) was
obtained using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Darmstadt, Germany) using 1 µg of total RNA in a 20-µL reaction mixture at RT.

The qPCR method was used to determine the expression levels of selected genes after
14 d of incubation under s-µg compared to the static control group (1g). The method was
previously described in detail [20]. The primers were designed using NCBI Primer Blast,
and they were selective for cDNA by spanning exon–exon junctions and had a Tm of
around 60 ◦C. The primers were synthesised by TIB Molbiol (Berlin, Germany) and are
listed in Table A2. All assays were run on an Applied Biosystems 7500 Fast Real-Time
PCR System using the Fast SYBR™ Green PCR Master Mix (both Applied Biosystems,
Darmstadt, Germany).

For qPCR, there were 3 technical and 5 biological replicates. The reaction volume
was 20 µL, including 1 µL of template cDNA and a final primer concentration of 500 nM.
PCR conditions were as follows: 20 s at 95 ◦C, 40 cycles of 30 s at 95 ◦C and 30 s at 60 ◦C,
followed by a melting curve analysis step (temperature gradient from 60 to 95 ◦C with
+0.3 ◦C/cycle). All samples were measured in triplicate, and 18S rRNA was used as a
housekeeping gene to normalise the expression data. The comparative Ct (∆∆Ct) method
was used for the relative quantification of transcription levels, and the 1g control group
was defined as 100% for reference.

2.7. STRING Analysis

To analyse the interaction network of genes used in qPCR, we used the STRING
V11.5 tool [21] (available at https://string-db.org/, accessed on 5 December 2022) with a
minimum interaction score of 0.4. The method was earlier published by Nassef et al. [19].

2.8. Statistical Analyses

All data are presented as mean ± standard deviation (SD). Statistical evaluation
was performed using IBM SPSS Statistics 24 software (IBM, Armonk, NY, USA). Grubbs’
test was used to identify and remove statistical outliers. An unpaired two-tailed t-test
was performed for analysis between 2 groups (spheroid count and spheroid area). The
Mann–Whitney U Test was used to compare groups for qPCR and Western blot. Statistical
significance was assumed when p < 0.05.

3. Results
3.1. Hyperglycaemia in Microgravity Induces the Formation of Bigger and a Greater Number of
Multicellular Structures

Images of the cells were taken on the 1st day before randomising them to the different
gravity conditions, and on the 14th day after the cultivation in 1g and s-µg. On day 1,
in both LG and HG treatment groups, the cells were confluent and exhibited the same
morphology as typically elongated endothelial cells (Figure 1a,d). After 14 days, distinctive
differences were observed between the 1g and s-µg groups, as the cells in the 1g were
over-confluent and grew in layers on top of each other (Figure 1b,e), whereas the cells in
the s-µg samples formed MCS that floated freely in the supernatant and were detached
from adherent cells (Figure 1c,f). In addition, s-µg contained adherently growing cells on
the bottom of the culture flasks. Tubular structures were seen in some of the s-µg flasks, as
shown in Figure 1f.

https://string-db.org/


Biomolecules 2023, 13, 189 6 of 22

Biomolecules 2023, 13, x FOR PEER REVIEW 6 of 22 
 

Images of the cells were taken on the 1st day before randomising them to the different 

gravity conditions, and on the 14th day after the cultivation in 1g and s-µg. On day 1, in 

both LG and HG treatment groups, the cells were confluent and exhibited the same mor-

phology as typically elongated endothelial cells (Figure 1a,d). After 14 days, distinctive 

differences were observed between the 1g and s-µg groups, as the cells in the 1g were 

over-confluent and grew in layers on top of each other (Figure 1b,e), whereas the cells in 

the s-µg samples formed MCS that floated freely in the supernatant and were detached 

from adherent cells (Figure 1c,f). In addition, s-µg contained adherently growing cells on 

the bottom of the culture flasks. Tubular structures were seen in some of the s-µg flasks, 

as shown in Figure 1f.  

Evaluation of the number and size of spheroids in LG and HG s-µg samples revealed 

that there were significantly more spheroid structures in the HG group compared to the 

LG group. Additionally, the spheroid size was significantly increased in the HG s-µg sam-

ples as opposed to the LG s-µg samples (Figure 1g,h). 

 

Figure 1. Morphological characteristics of EA.hy926 cells after exposure to low (LG) and high glu-

cose (HG) media, and static normogravity (1g) or simulated microgravity (s-µg) through phase con-

trast microscopy (a–f). Adherent cells (s-µg-AD) and multicellular structures (s-µg-MCS) in s-µg 

samples can be observed (c,f). The insert in (f) shows another sample with a tubular structure. The 

scale bar represents 90 µm. The quantification of the spheroid number (g) and the relative spheroid 

size (h) are displayed. The spheroid size was determined via the spheroid area (µm2). Significant 

changes in spheroid number or spheroid size are indicated by * (p < 0.05) or *** (p < 0.001), respec-

tively. 

3.2. Extracellular Matrix Proteins Collagen IV and Fibronectin Are Downregulated in 

Microgravity 

Collagen IV was more pronounced in 1g LG (Figure 2a) as opposed to 1g HG (Figure 

1d); however, it seemed more expressed in s-µg HG samples (Figure 2e,f) contrary to s-µg 

LG (Figure 2b,c). Small collagen deposits had a punctate pattern in 1g HG (Figure 2d), 

whereas they showed a more fibrous pattern in s-µg-AD HG and s-µg-MCS HG samples 

(Figure 2e,f). s-µg-AD and s-µg-MCS samples cultured in hyperglycaemic conditions (Fig-

ure 2e,f) appeared to have a denser pattern and higher expression of collagen IV than the 

corresponding LG samples (Figure 2b,c).  

The relative gene expression for COL4A6 was significantly downregulated in both 

the s-µg-MCS LG and s-µg-MCS HG groups compared to the corresponding 1g and s-µg-

AD groups (Figure 2g). There was no difference between LG and HG conditions regarding 

gene expression. 

Figure 1. Morphological characteristics of EA.hy926 cells after exposure to low (LG) and high glucose
(HG) media, and static normogravity (1g) or simulated microgravity (s-µg) through phase contrast
microscopy (a–f). Adherent cells (s-µg-AD) and multicellular structures (s-µg-MCS) in s-µg samples
can be observed (c,f). The insert in (f) shows another sample with a tubular structure. The scale bar
represents 90 µm. The quantification of the spheroid number (g) and the relative spheroid size (h) are
displayed. The spheroid size was determined via the spheroid area (µm2). Significant changes in
spheroid number or spheroid size are indicated by * (p < 0.05) or *** (p < 0.001), respectively.

Evaluation of the number and size of spheroids in LG and HG s-µg samples revealed
that there were significantly more spheroid structures in the HG group compared to the LG
group. Additionally, the spheroid size was significantly increased in the HG s-µg samples
as opposed to the LG s-µg samples (Figure 1g,h).

3.2. Extracellular Matrix Proteins Collagen IV and Fibronectin Are Downregulated in
Microgravity

Collagen IV was more pronounced in 1g LG (Figure 2a) as opposed to 1g HG (Figure 1d);
however, it seemed more expressed in s-µg HG samples (Figure 2e,f) contrary to s-µg
LG (Figure 2b,c). Small collagen deposits had a punctate pattern in 1g HG (Figure 2d),
whereas they showed a more fibrous pattern in s-µg-AD HG and s-µg-MCS HG samples
(Figure 2e,f). s-µg-AD and s-µg-MCS samples cultured in hyperglycaemic conditions
(Figure 2e,f) appeared to have a denser pattern and higher expression of collagen IV than
the corresponding LG samples (Figure 2b,c).

The relative gene expression for COL4A6 was significantly downregulated in both the
s-µg-MCS LG and s-µg-MCS HG groups compared to the corresponding 1g and s-µg-AD
groups (Figure 2g). There was no difference between LG and HG conditions regarding
gene expression.

Fibronectin was sparse in the confocal microscopy images and was seen as small
dots in the visual field in all LG samples (Figure 2h–j). In contrast, in the 1g HG sample,
fibronectin was much more pronounced and had a fibrous mesh-forming appearance
(Figure 2k). In the HG s-µg-AD and s-µg-MCS groups, the staining was reduced and had a
pale and dusty appearance, more similar to the LG samples.
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Figure 2. Analysis of the ECM proteins collagen IV (a–g) and fibronectin (h–o) after 14 days of
cultivation either at 1g or s-µg and either using low (LG) or high (HG) glucose medium. In the
presentation of the s-µg samples, a differentiation was made between AD and MCS. The data were
detected via immunostaining (a–f,h–m), qPCR (g,n), and Western blot techniques (o). The brackets
represent a significance level of p < 0.05.

The FN1 gene expression was significantly decreased in s-µg-MCS HG compared to 1g
HG (Figure 2n). Western blot data showed a significant decrease in the protein expression
of fibronectin in s-µg-AD HG and s-µg-MCS HG compared to the 1g HG control samples
(Figure 2o). In contrast, only a significant depletion of FN1 protein expression in adherent
cells was observed under LG conditions. Additionally, significantly lower FN1 protein
expression was measured in s-µg-HG groups compared to s-µg-LG groups. Full blots are
represented as supplementary materials in Figures S1–S5.

3.3. Microgravity Has a Stronger Effect on Glucose Metabolism Than Hyperglycaemia
3.3.1. Glucose Transporters

GLUT1 (Figure 3a–f) and GLUT3 (Figure 3h–m) were present in all cells, and GLUT1
showed a pattern of perinuclear accumulation in all groups. GLUT3 seemed to have a
similar pattern and intensity in all treatment groups. GLUT1 levels were slightly elevated
in both s-µg-LG and s-µg-HG samples.
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Figure 3. Analysis of glucose transporters GLUT1 and GLUT3 after 14 days of cultivation either at 1g
or s-µg and either using low (LG) or high (HG) glucose medium. Immunostaining (a–f,h–m) and
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qPCR results of the GLUT1 gene expression exhibited a significant downregulation
of GLUT1 between 1g control and s-µg-MCS and between s-µg-AD and s-µg-MCS in both
LG and HG. Irrespective of the glucose concentration, we observed a significant GLUT3
increase between 1g control and s-µg-AD and a considerable decrease in control levels
between s-µg-AD and s-µg-MCS samples (Figure 3n).

3.3.2. Triosephosphate Isomerase 1

The fluorescence intensity of triosephosphate isomerase 1 was higher in the s-µg-AD LG
and s-µg-MCS LG samples compared to 1g LG (Figure 4a–c). It was also lower in the s-µg-AD
HG and s-µg-MCS HG samples compared to 1g HG (Figure 4d–f). The TPI1 gene expression
was significantly downregulated in s-µg-MCS LG samples compared to s-µg-AD LG.

3.4. Transglutaminase-2 Expression Is Modulated by Microgravity and Hyperglycaemia

TG2 was present in all cells and showed a pattern of perinuclear accumulation in
all groups (Figure 5a–f). Both LG and HG 1g samples exhibited a lower intensity and a
much higher distribution in the corresponding s-µg-AD and s-µg-MCS samples. TGM2
gene expression was significantly downregulated in HG s-µg-MCS compared to both HG
1g control and HG s-µg-AD cells (Figure 5g). In LG cells, only LG s-µg-MCS vs. LG
s-µg-AD TGM2 gene expression was significantly decreased. Relative protein levels were
significantly elevated in LG s-µg-MCS compared to the LG s-µg-AD and LG 1g groups
(Figure 5h). In addition, TG2 was more expressed in LG s-µg-MCS than in the respective
HG group (see also Figure S1).
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Figure 5. Analysis of TG2 after 14 days of cultivation either at 1g or s-µg and either using low (LG) or
high (HG) glucose medium. Data were obtained via immunostaining (a–f), qPCR (g), and Western
blot (h) techniques. The brackets represent a significance level of p < 0.05.

3.5. NADPH Oxidase 4 and Interleukin-8 Are Upregulated on the Clinostat
3.5.1. NADPH Oxidase 4

The NADPH oxidase 4 (NOX4) protein was detectable in all three groups, with
increasing intensity from 1g control samples over s-µg-AD to s-µg-MCS cells, irrespective of
glucose concentration (Figure 6a–f). Co-localisation with nuclei is observed due to two dyes
overlapping and giving a greener colour around the nuclei area in s-µg-AD and s-µg-MCS
samples. The s-µg-AD groups showed a stronger fluorescence intensity compared with 1g
samples. s-µg-MCS exhibited overall the most intense and denser NOX4 deposits.
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Relative gene expression of NOX4 was downregulated in s-µg-MCS, showing a statisti-
cally significant decrease in s-µg-MCS HG compared to s-µg-AD HG (Figure 6g). Increased
protein expression was observed in HG s-µg-AD, LG s-µg-MCS, and HG s-µg-MCS samples
(Figure 6h). In addition, protein levels were significantly higher in HG compared to LG
s-µg-AD (see also Figure S5).

3.5.2. Interleukin-8

After the 14-day clinostat exposure, the interleukin-8 (CXCL-8) protein was detected
either distributed in the cytoplasm (Figure 7, red arrows) or around the nucleus (Figure 7,
yellow arrows). The signal intensities were lower in all LG samples compared to HG.
Moreover, 1g LG and s-µg-AD LG samples stored CXCL8 in dense deposits on cell edges,
while corresponding HG groups had more intracellular granules distributed across the
cytoplasm. Both LG and HG MCS showed higher CXCL8 fluorescence intensities.

qPCR results for CXCL-8 revealed a significant upregulation in both LG and HG s-µg
groups compared to the respective 1g samples (Figure 7g). The CXCL8 gene expression
in s-µg-AD LG was approximately two-fold higher and more than four-fold higher in
s-µg-MCS LG compared to the corresponding 1g groups. In HG samples, the expression
was almost four-fold higher in both clinorotated AD and MCS groups.

3.6. Endothelial Cells Undergo Apoptosis on the Clinostat
3.6.1. Osteopontin

Using confocal laser scanning microscopy (CLSM), osteopontin was visible in the
cytoplasm of all samples (Figure 8a–f). The staining area had a lower fluorescence intensity
in s-µg-AD cells compared to s-µg-MCS and 1g.
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Figure 8. Analysis of SPP1 after 14 days of cultivation either at 1g or on the clinostat, either using low
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two brackets stand for a significance level of p < 0.05.

Osteopontin is encoded by the SPP1 gene. The qPCR results for SPP1 (Secreted
Phosphoprotein 1) revealed a significant upregulation between LG groups: a heightened
elevation in clinorotated AD and MCS compared to 1g. The tendency for a similar increase
was observed in HG samples.

3.6.2. NF-κB p65

NF-κB p65-positive cells were found in all cells. Staining for NF-κB p65 and visualising
through CLSM revealed that in all adherent cells in both LG and HG groups, the protein
was highly stored in the cytosol (Figure 9, red arrows). Some translocations of NF-κB p65
to the nucleus were detected in s-µg-AD cells and a large number in the s-µg-MCS group
(Figure 9, yellow arrows).
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qPCR of the NF-κB p65 coding gene RELA showed significant downregulation of
s-µg-MCS HG compared with s-µg-AD HG cells (Figure 9g). Western blot analysis revealed
a significant and very high increase in all s-µg-MCS samples compared to 1g. In addition,
s-µg-AD cells were influenced by the glucose concentration, which had an impact on the
protein expression as a significant upregulation was observed in HG compared to LG
(Figures 9h and S4).

3.6.3. Caspase-3

Caspase-3 positive cells were found in all samples (Figure 10, red arrows). Regarding
the CASP3 gene expression, significant up-regulations were detected in s-µg-AD HG and
s-µg-MCS HG samples (Figure 10g). The Western blot analysis of cleaved CASP-3 revealed
an upregulation in clinorotated AD HG compared to 1g HG and a downregulation to
baseline levels in s-µg-MCS HG compared to s-µg-AD HG. A clear impact of hypergly-
caemia was observed between s-µg-AD samples, with a significant increase in the HG
group (Figures 10h and S3).

3.6.4. TUNEL Staining

TUNEL assay and DAPI staining revealed a co-localisation of staining in the nucleus,
which indicated the occurrence of apoptosis. As represented in Figure 11 (red arrows), a
higher incidence of apoptotic cells was observed in cells cultivated on the clinostat.
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Figure 11. TUNEL assay after 14 days of cultivation, either at 1g or on the clinostat and either
using low (LG) or high (HG) glucose medium. (a) 1g in LG; (b) s-µg adherent cells in LG; (c) s-µg
multicellular structures in LG; (d) 1g in HG; (e) s-µg adherent cells in HG; (f) s-µg multicellular
structures in HG.
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4. Discussion

Endothelial cells are heterogenous mechanosensitive cells that undergo morphological,
functional, and biochemical changes in µg-conditions [22]. Exposure to real µg (r-µg) can
only be achieved using parabolic flights, sounding rockets, space crafts, or space labs,
as available on the International Space Station (ISS) [23]. However, high costs and the
infrequency of missions limit the performance of such experiments [24]. In addition, a
short duration of r-µg in space missions limits the possibility of studies to investigate
many lengthy and complex biological processes. Regarding parabolic flight experiments,
rapid cycling between 1g, 1.8g, and µg might also disrupt and interfere with the actual
µg-measurements [25]. Various methods to simulate µg on Earth have been established to
overcome these limitations, including 2D and 3D clinostats, random positioning machines,
rotating wall vessels, and diamagnetic levitation [26]. However, only some aspects of
r-µg are mimicked [22]. In µg analogues the extent of the Earth’s gravity vector cannot be
removed; only its influence or effect can be reduced by randomising the direction of gravity
over time (clinostat and random positioning machine) or by counteracting the gravitational
force with another force (magnetic levitation). s-µg analogues can only generate similar
effects of µg on physiological responses [27].

In the present study, we hypothesised that a high glucose concentration would affect
the EA.hy926 cells cultured at 1g and µg differently, including their behaviour and key gene
and protein expression. Our data indicate that µg had a stronger effect on gene and protein
expression than hyperglycaemia. We observed a tendency for downregulation of the ECM
genes FN1 and COL4A6 in s-µg-MCS, irrespective of HG treatment. No change in COL1A1
was observed (Figure A1). The fibronectin protein was also downregulated in s-µg groups.
Not so many studies have been conducted to investigate the ECM as a complementary
counterpart of the gravireception system that consists of the cytoskeleton, ECM, and
nucleoskeleton [28]. Our ECM findings differ from the previous similar study [29], though
they correspond to the results obtained from r-µg [30]. The variance may be due to different
exposure times to µg and the different µg-simulating devices.

Endothelial cells rely on glycolysis to produce energy for cellular metabolism [31].
Triosephosphate isomerase 1 (TPI1) is a key glycolytic enzyme that converts dihydroxyacetone
phosphate to glyceraldehyde-3-phosphate [32]. In the study published by Bertelli et al. [33],
a transcriptomic analysis revealed a downregulation of TPI1 after 4 weeks of culture in
25 mM D-glucose in comparison with controls. Similarly, the downregulation of glucose
transporters is expected under the influence of HG treatment. Even though some studies
did not indicate downregulations of glucose transporters in retinal capillary endothelial
cells [34] or rat heart endothelial cells [35], vascular endothelial cells exposed to hyper-
glycaemia usually downregulate the rate of glucose transport by reducing GLUT1 and
GLUT3 mRNAs and their protein expression. These regulations could be adaptive changes
to protect endothelial cells from the damage caused by an excessive glucose influx [36,37].
Interestingly, our findings indicate no significant downregulation of the GLUT1, GLUT3,
and TPI1 gene expression due to hyperglycaemia. Downregulation of these genes was
only caused by the change in gravity. Suppression of the glucose transport might have a
connection with suppressed glucose metabolism in general, as was revealed in the study
with EA.hy926 cells exposed to r-µg on board the SJ-10 satellite, where the cells displayed a
suppressed energy metabolism and glucose uptake [30].

Our study results show that the TGM2 gene was downregulated and the TG2 protein
was upregulated in µg. There are no other studies that provide similar comparable data,
but there is evidence that TG2, also known as tissue transglutaminase, is a cross-linking
enzyme for fibronectin and mediates adhesion [38]. TG2 is a multifunctional enzyme, and
its function in endothelial cell behaviour under µg is unclear. It is known, for instance,
that NF-κB activation depends on TG2 cross-linking of IκBα and subsequent proteasomal
degradation, which suggests possible TG2 association with inflammation [39]. There is
evidence that TG2’s function in endothelial cells depends on its location [40]. We observed
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a higher perinuclear intracellular TG2 accumulation in clinorotated samples, which might
indicate its involvement in endothelial cell proliferation and apoptosis [40].

It has been shown previously that exposure to µg upregulated NOX4 in some other
cell types, such as blood mononuclear cells [41]. Some studies found that 4-week hindlimb
unloading increased the levels of the pro-oxidative enzymes NOX2 and NOX4 in cere-
bral arteries but not in mesenteric arteries [42,43]. Our results indicate that NOX4 was
significantly increased in s-µg, which corresponds to other studies regarding µg and ROS
correlation [44]. The cytokine CXCL8 was significantly elevated in s-µg-AD and s-µg-MCS,
irrespective of HG treatment. These findings agree with earlier results from long-term s-µg
and r-µg space missions with other cell types and seem to constitute a central reaction to
µg-exposure [45,46].

RELA encodes the ubiquitous transcription factor NF-κB and has a central position in
the STRING protein–protein interaction profile of gene expressions studied using qPCR
(Figures 9g and 12b). The differential gene expression of RELA between adherent cells and
spheroids under s-µg in high glucose medium is accompanied by significant upregulation
of the chemokine interleukin-8 which encodes the CXCL8 gene. It should be noted that
CXCL8 regulation by s-µg is independent of the medium composition and aggregation state
of the cells (Figure 12b). Recently it could be shown that in non-small cell lung carcinoma
cells but not in A549 adenocarcinoma human alveolar basal epithelial cells, the interleukin-8
secretion is influenced by TNF-related apoptosis-inducing ligand (TRAIL) receptors [47].
In A549 cells, CXCL8 gene expression is regulated by JNK or MEK MAP kinases and
ATF4, in addition to NF-κB [47]. In EA.hy926, interestingly, the mitogen-activated protein
kinase 8 encoding MAPK8 is also significantly upregulated in adherent cells compared to
spheroids (Figures 12b and A1), just like in NF-κB.

In general, the activation of programmed cell death was observed in this study. The
TUNEL assay showed a higher incidence of apoptotic cells in s-µg groups. Additionally,
cleaved caspase-3 and the NF-κB protein were elevated in clinorotation groups. The NF-κB
protein was also translocated to the nucleus in s-µg samples; thus, the linkage between
apoptosis and the pro-apoptotic NF-κB pathway is predicted. In addition, Kang et al. found
that the s-µg environment induced microvascular endothelial cell apoptosis and correlated
with an increased expression of NF-κB [48]. The osteopontin levels were increased under
s-µg, similar to previous studies [49]. The overexpression of the cell adhesion molecule
osteopontin is associated with cytoskeletal remodelling and the transition from 2D to 3D
growth of endothelial cells under s-µg [50,51]. It has been demonstrated previously that
osteopontin has protective effects against apoptosis in endothelial cells [51]. No µg-effects
were observed in the regulation of other apoptotic genetic markers, including CASP8,
CASP9, and PARP1 (Figure A1).

Based on our results, hyperglycaemia had no effect on gene and protein expression
in normogravity conditions. In µg-conditions resulting in detached cellular structures,
including spheroids and multicellular structures, hyperglycaemia increased the size and
the number of spheroid structures, decreased fibronectin and transglutaminase-2, and
increased NF-κB, NOX4, and caspase-3.

These findings are in accordance with other studies. It was found that spheroids from
human dermal-derived microvascular endothelial cells of healthy donors were smaller and
more compact, while spheroids from the cells of diabetic patients were larger in diameter
and produced more sprouts [52]. Additionally, the activation of NF-κB signalling (NF-
κB/miR-425-5p/MCT4 axis) showed a subsequent induction of apoptosis in endothelial
cells under hyperglycaemic conditions [31], and caspase-3 was involved in high glucose-
induced apoptosis, as demonstrated by Ho et al. [53]. On the other hand, contrary to our
results, other studies found an increase in fibronectin and transglutaminase-2 in hypergly-
caemic conditions in endothelial cells [13,54]. This suggests that µg might interfere with
hyperglycaemia-triggered pathways.
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Figure 12. Overview of gene expression changes in the 19 genes quantified through qPCR. (A) Gene
expression ratios. Significant regulations (p < 0.05) are indicated with an asterisk; upregulations or
downregulations compared to the 1g control are indicated in red and green, respectively. (B) EMBL
STRING protein–protein interaction of the 19 genes examined. Medium confidence interactions (0.4)
with the colour-coded area of protein action are shown.

Overall, our findings show that hyperglycaemia has marked effects in s-µg but not
in 1g. An overview of all other qPCR results not shown in the results section, including
COL1A1, CASP8, CASP9, PARP1, and others, is given in Figure A1.

The current study had some limitations, including the evaluation at a fixed time point
after 14 days. It is unclear how HG and µg would gradually affect the cell behaviour and
phenotype over time. In addition, the study was performed only for 14 days. Long-term
effects lasting over 1–2 months in length might be required in future studies. Some of
the HG effects may be lost due to the weaker sensitivity to the permanent EA.hy926 cell
line stressor compared to primary cells [55]. To better understand the interactions of
HG and µg, it might be necessary to evaluate these factors in primary cells or in vivo
and co-culture spheroids to make future findings more in vivo-relevant. Diabetogenic
states induced in µg might also be related to multisystemic effects. For instance, there
might be a connection between skeletal muscle [56] and bone loss [5] or skeletal muscle



Biomolecules 2023, 13, 189 17 of 22

glycogen synthesis [57]. Possible bone loss and hyperglycaemia connections in µg might
be due to increased glucocorticoids [58]. Increased skeletal muscle glycogen synthesis
and overcompensation mean blood glucose depletion that might trigger a higher glucose
intake or liver release. In addition, compromised liver carbohydrate metabolism might
play a role [59]. These interconnections are not apparent and could be further examined in
future studies.

5. Conclusions

Overall, µg revealed a stronger effect on the EA.hy926 cell line’s gene and protein
expression as opposed to hyperglycaemia. Though, in some cases, a significant effect of
hyperglycaemia in µg was observed, such as the stimulation of a higher count and larger-
sized MCS formation, the upregulation of the expression of the pro-oxidative enzyme NOX4
and the apoptotic proteins NF-κB and CASP3, and a more pronounced downregulation
of fibronectin and transglutaminase-2. We observed an elevated expression of NOX4 and
CXCL8 due to µg, indicating increased oxidative stress and inflammation. Hyperglycaemia
did not cause significant changes in glucose metabolism, and the changes occurred only
due to the change in gravity. Our findings bring new insights into the diabetogenic vascular
effects of µg and their underlying mechanisms.
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Appendix A

Table A1. Overview of the antibodies used for immunocytochemistry and Western blot analyses.

Antibody Host Animal Dilution for ICC Dilution for WB Supplier, Cat. No.

NOX4 rabbit 1:250 1:4000 Abcam, Cambridge,
UK, ab133303

GLUT-1 rabbit 1:200 - Sigma-Aldrich, 07-1401
GLUT3 rabbit 1:250 - Abcam, ab41525

TIM rabbit 1:250 -
Santa Cruz

Biotechnology, Dallas,
TX, USA, sc-30145

https://www.mdpi.com/article/10.3390/biom13020189/s1
https://www.mdpi.com/article/10.3390/biom13020189/s1
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Table A1. Cont.

Antibody Host Animal Dilution for ICC Dilution for WB Supplier, Cat. No.

TG2 mouse 1:250 1:1000 Zedira, Darmstadt,
Germany, A033

COL4A6 rabbit 1:250 - ThermoFischer,
PA5-50939

Anti-Fibronectin rabbit 1:250 1:800 Abcam, ab2413

CASP3
Activated CASP3

rabbit
rabbit

1:250
-

-
1:1000

Cell Signaling
Technology, Danvers,

MA, USA, 9662S
Sigma-Aldrich, C8487

OPN mouse 1:250 - Sigma-Aldrich,
SAB4200018

CXCL8 (IL-8) mouse 1:250 - ThermoFischer,
AHC0762

NF-κB p65 rabbit 1:200 - Cell Signaling
Technology, 4764S

Anti-Rabbit (Alexa
Fluor® 488) goat 1:500 - Abcam, ab150077

Anti-Rabbit (Alexa
Fluor® 594) goat 1:500 - Abcam, ab150080

Anti-Mouse (Alexa
Fluor® 488) goat 1:500 - Invitrogen™, A11029

Anti-mouse IgG,
HRP-linked horse - 1:4000 Cell Signaling

Technology, 7076S
Anti-rabbit IgG (H+L)
Cross-Adsorbed, HRP goat - 1:4000 Invitrogen™, G21234

Table A2. Overview of the primers used for qPCR analysis.

Gene Name Primer Name Sequence *

18S-rRNA 18S-F GGAGCCTGCGGCTTAATTT
18S-R CAACTAAGAACGGCCATGCA

CASP3 CASP3-F AACTGCTCCTTTTGCTGTGATCT
CASP3-R GCAGCAAACCTCAGGGAAAC

CASP8 CASP8-F TGCAAAAGCACGGGAGAAAG
CASP8-R CTCTTCAAAGGTCGTGGTCAAAG

CASP9 CASP9-F CTCCAACATCGACTGTGAGAAGTT
CASP9-R GCGCCAGCTCCAGCAA

COL1A1 COL1A1-F CGATGGATTCCCGTTCGAGT
COL1A1-R GAGGCCTCGGTGGACATTAG

COL4A6 COL4-F GGTACCTGTAACTACTATGCCAACTCCTA
COL4-R CGGCTAATTCGTGTCCTCAAG

CXCL8 CXCL8-F TGGCAGCCTTCCTGATTTCT
CXCL8-R GGGTGGAAAGGTTTGGAGTATG

ENO1 ENO1-F TGGGAAAGATGCCACCAATGT
ENO1-R GCAGCTCCAGGCCTTCTTTA

FAK1 FAK1-F TGTGGGTAAACCAGATCCTGC
FAK1-R CTGAAGCTTGACACCCTCGT

FN1 FN1-F AGATCTACCTGTACACCTTGAATGACA
FN1-R CATGATACCAGCAAGGAATTGG

GAPDH GAPDH-F CCACATCGCTCAGACACCAT
GAPDH-R GCAACAATATCCACTTTACCAGAGTTAA

GLUT1 GLUT1-F TTCACTGTCGTGTCGCTGTT
GLUT1-R TGAGTATGGCACAACCCGC

GLUT3 GLUT3-F ACATTTTGAAGGTTTTGTTGGCTG
GLUT3-R TCAGAGCTGGGGTGACCTTC

JNK1 JNK1-F TCTCCTTTAGGTGCAGCAGTG
JNK1-R CAGAGGCCAAAGTCGGATCT



Biomolecules 2023, 13, 189 19 of 22

Table A2. Cont.

Gene Name Primer Name Sequence *

NOX4 NOX4-F ACCCTCACAATGTGTCCAAC
NOX4-R CTCGAAATCGTTCTGTCCAGTC

PARP1 PARP1-F CGAGTCGAGTACGCCAAGAG
PARP1-R CATCAAACATGGGCGACTGC

RELA RELA-F ACTGCCGGGATGGCTTCT
RELA-R CGCTTCTTCACACACTGGATTC

SPP1 SPP1-F CCGAGGTGATAGCTTGGCTT
SPP1-R TGTGGCATCAGGATACTGTTCA

TGM2 TGM2-F AAGAGGAGCGGCAGGAGTATG
TGM2-R GCCCAAAATTCCAAGGTATGTTC

TPI1 TPI1-F CAAGGTCGTCCTGGCCTATG
TPI1-R TGTACTTCCTGGGCCTGTTG

* All sequences are given in 5′-3′direction.
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Figure A1. qPCR analysis for other genes assessed in this study. The gene expression of (a) CASP8,
(b) CASP9, (c) COL1A1, (e) FAK1, and (h) PARP1, was not significantly altered during the 14-day
clinostat exposure and HG treatment. (d) ENO1 and (g) JNK1 were significantly downregulated in
high-glucose s-µg-MCS cells compared to high-glucose s-µg-AD cells. (f) GAPDH was mostly not
regulated during the 14-day s-µg-exposure and HG treatment, except for HG 1g control vs. HG MCS.
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Abstract: In preparing space and microgravity experiments, the utilization of ground-based facilities
is common for initial experiments and feasibility studies. One approach to simulating micrograv-
ity conditions on Earth is to employ a random positioning machine (RPM) as a rotary bioreactor.
Combined with a suitable low-mass model system, such as cell cultures, these devices simulating mi-
crogravity have been shown to produce results similar to those obtained in a space experiment under
real microgravity conditions. One of these effects observed under real and simulated microgravity is
the formation of spheroids from 2D adherent cancer cell cultures. Since real microgravity cannot be
generated in a laboratory on Earth, we aimed to determine which forces lead to the detachment of
individual FTC-133 thyroid cancer cells and the formation of tumor spheroids during culture with
exposure to random positioning modes. To this end, we subdivided the RPM motion into different
static and dynamic orientations of cell culture flasks. We focused on the molecular activation of the
mechanosignaling pathways previously associated with spheroid formation in microgravity. Our
results suggest that RPM-induced spheroid formation is a two-step process. First, the cells need to be
detached, induced by the cell culture flask’s rotation and the subsequent fluid flow, as well as the
presence of air bubbles. Once the cells are detached and in suspension, random positioning prevents
sedimentation, allowing 3D aggregates to form. In a comparative shear stress experiment using
defined fluid flow paradigms, transcriptional responses were triggered comparable to exposure of
FTC-133 cells to the RPM. In summary, the RPM serves as a simulator of microgravity by randomizing
the impact of Earth’s gravity vector especially for suspension (i.e., detached) cells. Simultaneously,
it simulates physiological shear forces on the adherent cell layer. The RPM thus offers a unique
combination of environmental conditions for in vitro cancer research.

Keywords: rotating bioreactor; simulated microgravity; cancer cell; shear stress; cell detachment;
in vitro metastasis
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1. Introduction

One of the most exciting aspects of biomedical research using microgravity provided
by real microgravity platforms, such as International Space Station (ISS), is the formation
of three-dimensional spheroids or organoids that seem to be enhanced under microgravity
conditions lacking sedimentation [1–4]. These 3D cell cultures are more relevant to an
organism’s complex biology than traditional two-dimensional monocultures of cells and
provide a potential means to minimize animal experiments. Cancer cells exposed to
microgravity may also provide models for metastasis events [5,6]. Whilst orbital labs such
as the ISS provide the gold standard for microgravity research, the logistics and extensive
costs prohibit easy access to real microgravity on orbital platforms. Even unmanned orbital
(satellites) or sub-orbital platforms, such as sounding rocket flights, are very rare and
extremely costly approaches. Further gravity research platforms like parabolic flights
or drop towers cannot provide sufficient time under microgravity conditions to address
questions regarding, e.g., developmental processes. Therefore, rotating bioreactors such as
2D clinostats, rotating wall vessels, or the random positioning machine (RPM, Figure 1A)
have become essential tools to provide simulated microgravity environments for cellular
biomedical research on Earth [7]. The rotational motion of the fluid environment allows
suspension cells to experience simulated free-fall conditions avoiding sedimentation over
longer durations. For some cell systems, therefore, these microgravity simulations can
provide data comparable to experiments conducted on orbital platforms in real microgravity.
Interestingly, exposure of certain types of adherent cells to simulated microgravity induces
characteristic spheroid formation in some cell types (Figure 1B). However, it is not evident
what induces the detachment of cells from the growth surface and their aggregation toward
spheroid formation. The genomic, transcriptomic, and proteomic data even on a single cell
type are heterogeneous across various platforms simulating microgravity or the respective
culturing conditions [8,9]. Previously, it was argued that the effects of microgravity on
individual cells are primarily indirect, and that the mass of a single cell is too low to directly
sense changes in the gravity vector [10]. Instead, forces acting from the outside, such as the
hydrostatic pressure of the medium or the local microenvironment, should change how
the cell responds to the microgravity environment. The RPM induces biologically relevant
shear forces [11–14] that affect human cancer cells in adherent cell layers. Suspension
cancer cells in the same culture experience lower shear and are therefore affected differently.
Currently, the studies on the RPM-based cellular behavior of human cancer-derived cell
lines are not fully concise. Therefore, a generalized model of RPM-induced metastasis does
not exist at the moment. In the current study, we aimed to understand which influences
lead to cell detachment and spheroid formation under different modes of action on an RPM.
The outcome might aid in the identification of metastasis traits at the onset of and in the
course of cancer spheroid formation.
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Figure 1. Spheroid formation of various adherent human carcinoma cell lines differently oriented
with respect to Earth’s gravity vector for 72 h. Rotational movements of the cell culture flasks are
indicated with green arrows. (A) Benchtop RPM in an incubator during an experiment with a T25
flask attached. (B) Visible spheroids formed after 3 days of random positioning in a cell culture
flask. (C) Standard static cell culture. (D) Random positioning in real random mode. (E) RPM
clinorotation mode with horizontal orientation of the T25 flask. (F) RPM clinorotation mode with
vertical orientation of the T25 flask. (G) Upside-down static cell culture. (H) RNA expression changes
in specific genes in FTC-133 cells that have been described previously to play a role in spheroid
formation on the RPM. The plots show the mean ± SD ∆∆CT values of three cell cultures performed
in triplicate together with the individual data points. Scale bars: 300 µm. The outlined areas reflect
the magnification of the field of view in most images except for larger spheroids formed in FTC-133
and PC-3 cells in RPM and horizontal clinorotation mode. * Independent sample t-test p ≤ 0.05,
** p ≤ 0.01, ns non-significant. Parts of the figure were drawn by using pictures from Biorender.com
and from Servier Medical Art.

Biorender.com
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2. Materials and Methods
2.1. Cell Lines and Cell Culture

The human follicular thyroid carcinoma FTC-133 cell line (passages 8–18) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The MCF-7 mammary carcinoma cells
(passages 5–9) and PC-3 prostate carcinoma cells (passages 36–40) were purchased from
ATCC (Manassas, VA, USA). The Calu-3 lung carcinoma cell line (passage 19) was a kind
gift from Prof. Heike Walles, the University of Magdeburg. The FTC-133, MCF-7, and
PC-3 cells were cultured in the RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich, St. Louis, MO, USA) and 1%
penicillin/streptomycin (Life Technologies) at 37 ◦C and 5% CO2. The Calu-3 cells were
cultured in the DMEM/F12 medium + 2.5 mM L-glutamine + 29 mM sodium bicarbonate
(Life Technologies) supplemented with 10% FCS and 1% penicillin/streptomycin. The cells
were routinely checked using visual inspection and maintained at a maximum confluence
of 90% for up to 2 to 4 days before passaging. At 24 h before each experiment, a cell density
of 1 × 106 cells (40,000 cells/cm2) per flask was seeded in uncoated T25 cell culture flasks
(Sarstedt, Nümbrecht, Germany) to allow cells to adhere. For immunofluorescence staining,
uncoated glass coverslips (Carl Roth, Karlsruhe, Germany) were fixed using sterilized
vaseline (Edeka, Hamburg, Germany) in a T25 flask before seeding a cell density of 1 × 106.
For the cell cultures in channel slides, 20,000 cells/cm2 (microscopy) or 40,000 cells/cm2

(qPCR) were seeded in a µ-Slide I Luer Glass Bottom 0.8 (ibidi, Gräfelfing, Germany).

2.2. Rotating Cell Cultures

For the experiments (4 h, 24 h, 72 h), a desktop RPM 2.0 (Yuri, Meckenbeuren, Ger-
many) was used in a HERAcell CO2 incubator (Thermo Scientific) at 37 ◦C, 5% CO2 without
humidification. The medium was not specially pretreated. For random positioning, the
RPM was operated in real random mode (two frames) at three different speed ranges:
average speed 25◦/s (range: 21–30◦/s), average speed 60◦/s (range: 50–70◦/s), and av-
erage speed 90◦/s (range: 80–100◦/s). The RPM was operated in one frame mode for
clinorotation with a constant speed of 60◦/s. Before starting the rotation, the cell culture
flasks were filled completely with medium, avoiding bubbles (any remaining bubbles were
carefully removed using a pipette tip before closing the culture flask). Static controls were
placed next to the RPM in the same incubator at the same environmental conditions.

2.3. Orbital Shaker Cell Cultures (FTC-133)

For the shaker experiments (72 h) with the FTC-133 cells, a Stuart SSM1 Orbital Shaker
(Cole-Parmer, Vernon Hills, IL, USA) was used in a HERAcell CO2 incubator at 37 ◦C, 5%
CO2 without humidification. The shaker was operated using fully filled T25 flasks at a
speed of 60 rpm.

2.4. Flow Channel Cell Cultures (FTC-133)

An ISM827 Reglo peristaltic pump system (Ismatec, Grevenbroich, Germany) was
used for the experiments (4 h, 24 h). The system consisted of a medium reservoir containing
70 mL of cell culture medium. Carbogen (5% CO2 in O2; Air Liquide, Düsseldorf, Germany)
was continuously injected into the reservoir to supply CO2 and O2 to the cell culture. On
top of the flask, a syringe attached to an empty flask served as a foam trap for the sterile
filter of the exhaust gas. The medium was pumped in a closed loop from a reservoir via a
channel slide with defined dimensions (50× 5× 0.8 mm) (ibidi) at a rate of 0.5 or 1 mL/min
creating a calculated shear stress of 12.5 and 25 mPa [15]. To mimic the shear stress induced
by bubbles, medium supplemented with defined bubbles was pumped via channel slides.
A second peristaltic pump connected was added to the inlet tubing upstream the slide via
a Y-adaptor. In this setup, one bubble was pumped every second.

The effect of an oscillating fluid flow was investigated in an oscillatory flow configura-
tion ibidi pump system (ibidi), in which one cycle consisted of a change in flow direction



Cells 2023, 12, 2665 5 of 27

every 7.5 s and a flow rate of 1 mL/min (corresponding to 25 mPa of shear stress [15]). A
brightfield image of the same slide area was acquired for live visualization every 5 min.

2.5. Serum Starvation and Pharmaceutical Treatment (FTC-133)

After 24 h of seeding, the FTC-133 cells were washed once using phosphate-buffered
saline (PBS; Life Technologies), synchronized for 4 h in RPMI 1640 with 0.25% FCS and
1% penicillin/streptomycin, following cultivation with RPMI 1640 medium supplemented
with 1 µM ethanol-soluble dexamethasone (Sigma-Aldrich) for 72 h, as described in [16].
The synchronization procedure was also used to reduce the amount of nutrients present
before an experiment.

2.6. Phase Contrast Microscopy

The cells were routinely visually inspected and imaged using an Olympus CKX53
inverted microscope in phase contrast mode and a magnification of 10× (NA: 0.25) or
20× (NA: 0.4; Olympus, Tokyo, Japan). An Axiovert 200M microscope at brightfield mode
at a magnification of 40× (NA: 0.6; Carl Zeiss, Oberkochen, Germany) was used for live
visualization during the flow experiments in channel slides.

2.7. Cell Tracking and Migration Analysis (FTC-133)

For cell tracking, the Manual Tracking Plugin in Fiji v1.54f (ImageJ, imagej.net) was
used. The exported file for tracking was processed using Chemotaxis and Migration Tool
2.0 (ibidi). For each condition, three independent FTC-133 cell cultures in the channel
slides (see section Flow Channel Cell Cultures) were observed for 24 h. To determine the
migratory ability of the cells, the average cell position at the end of the observation was
determined for individual cells (n > 40 cells/condition), as well as the distance traveled in
µm and the time to detachment in min.

2.8. Immunofluorescence Microscopy (FTC-133)

The cells were cultured as described above. For fixation, the cells were washed thrice
using 0.1 M phosphate buffer (PB; Na2HPO4/NaH2PO4; Carl Roth), fixed for 15 min at
4 ◦C in 4% paraformaldehyde (PFA; Carl Roth), and then washed with PB for 3 × 15 min
on a shaker. The cells were stored in 0.1 M PB at 4 ◦C for a maximum of one day before
staining. The cell membrane was permeabilized using 0.2% Triton X-100 (Carl Roth)
and washed thrice with 0.1 M PB. Non-specific binding sites were blocked using 3%
bovine serum albumin (BSA, Carl Roth) in 0.1 M PB for 1 h at room temperature (RT).
Subsequently, the cells were labeled with the primary antibodies diluted in 0.1 M PB
containing 1% BSA (listed in Table S1) overnight at 4 ◦C. The next day, the cells were washed
two times using 0.1 M PB. The cells were incubated with the secondary Alexa Fluor™
488 (AF488)-conjugated (Invitrogen, Life Technologies) or Alexa Fluor™ 647 (AF647)-
conjugated (Invitrogen, Life Technologies) antibodies (Table S1) at a dilution of 1:500
(MRTF-A) or 1:1000 at RT for 1 h. For F-actin staining, Alexa Fluor™ 568 Phalloidin
(Invitrogen, Life Technologies) was added at a dilution of 1:400 for 1 h, and then the sample
was washed thrice with 0.1 M PB. The cells were washed again three times using 0.1 M PB
and mounted using Fluoroshield™ with DAPI (4′,6-diamidino-2-phenylindole) to stain the
nuclear DNA (Sigma-Aldrich). The slides were examined using a ZEISS LSM 800 confocal
laser scanning microscope (Carl Zeiss). To ensure comparability for intensity quantification,
all the images were acquired with the same settings using the ZEISS Airyscan detector and
ZEN 3.4 software (Carl Zeiss). The Airyscan processing settings were optimized for each
antibody–wavelength combination and manually applied to the corresponding samples. To
check for non-specific binding of the secondary antibody and thus a false negative signal,
the secondary antibodies were applied to separate samples of the same condition without
the primary antibody.

imagej.net
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2.9. Immunofluorescence Analysis

To determine the localization of the transcription factors, we searched for the nuclear
signal in the Z-position of the fluorescence image. The Z-position was used where the
size of the nucleus was largest and the intensity of the nuclear signal was strongest. The
cytoplasmic part of the signal was determined at the same Z-position. In this way, a
correct measurement of the ratio between the nucleus and cytoplasm was ensured. Only
1 Z-position per file was used.

The resulting file was used in Fiji software v1.54f (ImageJ, imagej.net) to quantify the
relative protein expression levels based on the sample’s fluorescence intensity using the
Image Calculator tool. The relative intensities were measured according to the method
of Shihan et al. [17]. To determine the ratio of protein localization between the nucleus
and cytoplasm (N/C ratio), the mean fluorescence intensities of the protein of interest
were measured for the nuclear area and the cytoplasm area. Using the Freehand Selection
tool, the nuclear area was determined based on the DAPI signal. The total cell area was
determined by selecting the background without cells and subtracting it from the total area.
The cytoplasmic area was determined by subtracting the nuclear area from the cell area.
The intensity measured in the cytoplasmic area is the average signal from the cytoplasms
of all cells in this image. The signal intensity from the nuclear area was divided by the
signal intensity of the cytoplasmic area. This corresponds to the individual N/C ratio for
the respective image.

2.10. mRNA Isolation and Quantitative Real-Time PCR (FTC-133)

The procedure was performed in the same way as described in [18]. To obtain sufficient
mRNA out of the cells grown in channel slides, a higher cell number of 40,000 cells/cm2 and
a µ-Slide, 0.8 Luer, ibiTreat (ibidi) were used. The primer sequences used in the quantitative
real-time PCR can be found in the Supplementary Materials (Table S2). The samples were
measured in triplicate and evaluated by using the comparative threshold cycle (∆∆CT)
method. 18S rRNA was used as the housekeeper reference due to its stable expression in
dynamic FTC-133 cell cultures [18].

2.11. Statistical Analysis

Statistical evaluation was performed using SPSS Statistics v29 (IBM, Armonk, NY,
USA). The non-parametric Mann–Whitney U test was used to compare samples (biological
replicates) from different culture conditions. For experiments in which only a few samples
were available (<5 biological replicates), an independent sample t-test was used. All
data are presented as mean ± standard deviation (SD). In most plots, the individual data
points are shown additionally. The sample size for each experiment is provided in the
figure legends.

3. Results
3.1. Alteration of the Gravity Vector

The operating principle of rotating microgravity simulators is based on a continuous
change in the Earth’s gravitational vector direction on the cells. We aligned diverse human
carcinoma cell lines (FTC-133, Calu-3, MCF-7, PC-3) in various positions with respect to the
Earth’s gravitational vector field (Figure 1). In general, these cells grow as monolayers in
standard (static) cell culture (Figure 1C). Although MCF-7 cells sometimes tend to form
multiple cell layers, the cells remain adhered to their surface. Exposed to the RPM, the
adherent cancer cells formed spheroids above the cell layer within 3 days (Figure 1D).

To determine which orientations or movements of the cell cultures contribute to
spheroid formation during random positioning, and whether a particular gravity vector
orientation is sufficient to form three-dimensional aggregates, we examined rotating cell
cultures mounted horizontally (Figure 1E) or vertically (Figure 1F) on an RPM operated in
2D clinostat mode. After 3 days, the FTC-133 cells aligned parallel to the rotational axis
formed spheroids, whereas the cells oriented perpendicular to the rotational axis remained
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adherent. Calu-3, MCF-7, and PC-3 cells formed smaller spheroids in the perpendicularly
oriented rotation than in the other rotations (Figure 1F). Interestingly, we also observed the
formation of spheroids from all cell lines in a static, inverted cell culture (Figure 1G). These
occurred in low-density cultures, making three-dimensional growth due to overgrowth
an unlikely cause. Here, we detected new cell growth on the opposite (lower) side of the
culture flask, caused by cell detachment from the cell layer and sedimentation. Spheroid
formation from an inverted vessel suggested that the cells must hang “upside down” for a
time for spheroids to form. The spheroids were more prominent in the rotating cell cultures,
especially on the RPM. Accordingly, simply inverting the cell culture flasks only partially
replaced random positioning for spheroid formation. This is also reflected in the upregula-
tion of certain typical genes (e.g., ANKRD1, IL6, CXCL8) in FTC-133 cells that have been
described previously as involved in RPM-induced spheroid formation (Figure 1H) [19–21].
To verify whether better mixing of the culture medium on the RPM (60◦/s) compared to
the static cell cultures could explain these RPM-specific gene regulatory effects, an addi-
tional experiment was performed using normal-orientated cell cultures on a rocket shaker
(60 rpm). The shaker had only a minor effect on CAV1 expression and cannot explain the
molecular effects found in the RPM cultures (Figure 1H).

Since the FTC-133 cell line showed the greatest differences in spheroid formation
at different orientations and is a well-characterized cell culture model in altered gravity
conditions [3,22,23], we used this cell line for further studies. Next, we imitated the different
orientations of cell culture flasks occurring on the RPM with static and rotating cell cultures
(Figure 2). The RPM positions the cell culture flask via rotation in all spatial directions
(Figure 2A). Both the cells and the culture medium surrounding them are subjected to
gravity. In a completely filled T25 cell culture flask (h = 24 mm), the cell layer experiences
240 Pa (p = ρ × a × h) of hydrostatic pressure at a normal orientation. This pressure
compresses the cells and the nuclei, which can also promote the nuclear transport of
transcription factors (Figure 2B) [24]. In an upright cell culture flask, there is a gradient in
hydrostatic pressure increasing from top to bottom.

In an inverted cell culture, there is no hydrostatic pressure from the cell culture
medium on the cells, making this orientation the most “force-free”. Cells in the inverted
and at the top of the upright-oriented culture flasks showed lower F-actin filament density
than in normal culture (Figure 2C). This could be related to the lower impact of mechanical
forces lacking a large medium column, with corresponding hydrostatic pressure above
the adherent cells. These results could support the idea that cells do not sense the grav-
ity vector directly due to the low mass of their organelles but instead sense the indirect
effects of gravity on larger structures, such as the surrounding culture medium [10]. There
was minimal change in the nuclear or cytoplasmic distribution of the mechanosensitive
transcription factors YAP1, p38 MAPK, or MRTF-A in the static cell cultures of different
orientations (Figure 2D–F). These factors are important players in mechanosignaling, help-
ing cells to recognize and respond to mechanical forces and adapt to changes in their
microenvironment.

A cell culture on the RPM is not only subjected to different positions but also to
different rotations, resulting in fluid shear forces and periodic compressions of the cell.
These effects should be mimicked using two different types of 2D clinorotation produced
by utilizing only one rotational axis of the RPM (Figure 2G). The F-actin density was
similar in the clinorotation and RPM samples, indicated by some stress fibers (Figure 2H).
A translocation to the cytoplasm was observed for YAP1 when the cells were exposed
to random positioning (Figure 2I), and a statistically significant alteration in p38 MAPK
subcellular localization when the cell culture flask was rotated with horizontal orientation
(Figure 2J). We observed stark, but highly variable, differences in the nuclear/cytoplasmic
fluorescence ratio for MRTF-A; compared to normal cell culture, more nuclear distribution
was observed after clinorotation regardless of the flask orientation, and more cytoplasmic
distribution was observed after random positioning (Figure 2K).
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Figure 2. F-actin density and transcription factor localization in the remaining adherent cells in
differently oriented and rotated cell culture flasks. (A) Static cell cultures in different orientations:
normal cell culture, upright flasks, and inverted flasks. (B) Effect of cell compression on nuclear
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transport of transcription factors (red circles) via nuclear pores (NP). (C) F-actin density (phal-
loidin staining) and immunofluorescence of the mechanoresponsive transcription factors (D) YAP1,
(E) p38 MAPK, and (F) MRTF-A after 72 h (n = 5 for each condition; one representative picture is
shown). Outlines of the nuclei as indicated using DAPI staining (not shown) depicted as dashed lines.
(G) Rotating cell cultures: horizontal clinorotation (60◦/s), vertical clinorotation (60◦/s), and random
positioning (average speed 60◦/s). (H) F-actin density. (I) YAP1, (J) p38 MAPK, and (K) MRTF-A
localization after 72 h (n = 5 for each condition; one representative picture is shown). Outlines of the
nuclei are shown as dashed lines. (Below) The relative mean nuclear–cytoplasmic (N/C) ratio of
transcription factors was measured for at least 15 cells (5 pictures per condition). Static cell culture
was set as reference. The experimental conditions where the spheroid formation was observed are
shaded gray. Scale bars: 300 µm. The fluorescence images in this figure were optimized to visualize
protein localization and unsuitable for comparative protein level quantification. * Mann–Whitney
p ≤ 0.05, ** p ≤ 0.01. Parts of the figure were drawn by using pictures from Servier Medical Art.

In summary, rotating cell cultures, including RPM cultures, have a stronger effect
on transcription factor translocation than static cell cultures, further emphasizing the
importance of flow shear on the RPM. However, it should be noted that in the cell cultures
in which spheroids are formed (Figure 2, gray-shaded areas), there is no uniform nucleation
of the transcription factors studied. This may indicate that these signaling pathways are
not involved in spheroid formation or that the cells are already adapted to the culture
conditions after 72 h.

An RPM experiment with different angular velocities showed that the time-averaged
cancellation of the gravity vector alone could not form spheroids (Figure 3). In microgravity
experiments, the RPM typically operates at an average frame speed of 60◦/s, resulting in
fluid flow in the cell culture flask [14,25] (Figure 3A). In addition to the usually applied real
random mode at a velocity of 60◦/s, we performed experiments at velocities of ~25◦/s and
~90◦/s. All operating speeds resulted in a calculated time-averaged milligravity (~0.01 g)
within a few hours (Figure 3B–D). Slower random positioning of the FTC-133 cells (average
speed 25◦/s) failed to induce cell detachment or spheroid formation (Figure 3E). Using
higher RPM speeds (average speed 90◦/s), much smaller spheroids formed compared to
the typical angular velocity of 60◦/s.

Assuming that a balance between cell confluency and fluid flow was needed to
efficiently induce spheroid formation, we let the cells attach for 24 or 48 h prior to RPM
exposure in all three angular velocities. Indeed, a longer period of cell attachment before
RPM exposure affected the spheroid formation ability. The FTC-133 cells that adhered for
48 h did not form spheroids at any RPM speed (Figure 3F), except for one single small
spheroid (110 µm) found at 90◦/s (Figure 3F, insert). This effect of a prolonged adhesion
phase before the start of the experiment was also observed in the PC-3 cells (not shown)
and during the CellBox-1 mission, in which the cells became confluent due to a delay in
the rocket launch and did not form spheroids during the experiment on the ISS [26]. We
demonstrated that only under spheroid-forming conditions on the RPM was the expression
of certain genes upregulated (e.g., IL6, CXCL8, ICAM1, KRT8) that have previously been
described as targets of various mechanosignaling pathways (including p38 MAPK, NFκB,
MEK/ERK) in human cells, among others (Figure 3G) [19,20]. Hence, both the fluid flow
generated by the RPM and the adhesion force of the cells are important parameters for
spheroid formation.
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Figure 3. Spheroid formation of FTC-133 cells exposed to the RPM at different angular velocities for
24 h. (A) Illustration of fluid shear within cell culture flasks on the RPM. Time-averaged residual
gravity levels and shear forces were calculated at RPM average velocities of (B) 25◦/s, (C) 60◦/s,
and (D) 90◦/s. Spheroid formation was examined in FTC-133 cultures that had previously been
allowed to adhere to the bottom of the cell culture flask for (E) 24 h or (F) 48 h. The outlined area
reflects the magnification of the field of view in most images except for larger spheroids compared
at 60◦/s after 24 h of normal cell growth followed by 24 h of exposure to the RPM. (G) Expression
changes (compared to static cell culture) in gene transcripts known to be responsive to shear stress
after 24 h exposure to the RPM operated with different velocities. The plots show the mean ± SD
∆∆CT values of four cell cultures performed in triplicate together with the individual data points.
The experimental conditions where spheroid formation was observed are shaded gray. Scale bars:
300 µm. * Independent sample t-test p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns non-significant vs. static
control. § Shear stress τ according to Wuest et al. [14]. Parts of the figure were drawn by using
pictures from Servier Medical Art.
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3.2. Fluid Shear

Live-cell imaging on the RPM is not yet possible; therefore, we used a flow channel
slide experiment to simulate the effects of RPM-induced fluid shear stress (Figure 4).
Adherent FTC-133 cells were cultured in a channel slide connected to a peristaltic pump
that perfused the medium through the channel at 0.5 and 1 mL/min speeds (Figure 4A,B).
The fluid flow in the chosen dimensions of the channel slide (50 × 5 × 0.8 mm) produced
shear stresses on the cells in the order of 12.5 and 25 mPa [15]. This stress was supposed to
be similar to the fluid shear stress predicted to be observed on the walls of T25 cell culture
flasks on the RPM at an average speed of 60◦/s [14]. Both fluid flows significantly decreased
the cell confluency within 20–24 h (confluency change at 0.5 mL/min: −11%, 1.0 mL/min:
−38%) (Figure 4C). Time-lapse imaging showed cell detachment (Figure 4D, Video S1),
migration, and rolling across the surface in the same direction as the media flow (Figure 4E).
More cells detached at a flow rate of 1 mL/min, with initial cell detachment occurring after
12 h of flow exposure. This is consistent with prior observations of spheroid formation
occurring after 16–24 h on the RPM [27–29]. Finally, the cells rounded off, detached, and
were transported away by the flow. This observation over an extended period suggests that
the detachment of the cell could be part of a biological process. In non-perfused cell cultures,
no detachment was observed (Figure 4C), and the cell motility was significantly reduced
(Figure 4F). Cell detachment is an essential step in RPM-induced spheroid formation;
previous studies have shown that detached FTC-133 cells (i.e., suspension cultures) can
form spheroids on the RPM. Interestingly, the proliferation of adherent cells was slightly
higher at a flow rate of 1 mL/min compared with 0.5 mL/min, until approximately 12 h
after the start of the experiment (Figure 4C,D).

3.3. Air Bubbles

From previous RPM experiments, we knew that the observation of air bubbles at
the end of an RPM experiment (including their size and number, compare Figure S1)
influences the number of adherent cells remaining, depending on the cell line and flask
configuration used (Figure 5A). In a recent study, we described that FTC-133 cells cultured
on the RPM in the presence of 1 µM dexamethasone (to avoid cell clustering) did not show
spheroid formation [16]. However, when additional air bubbles were added to the cell
culture flasks containing an FTC-133 cell culture (bubble diameter: 0.5–8.3 mm at the end
of the experiment), spheroid formation occurred on the RPM even during treatment with
1 µM dexamethasone (Figure 5B). The air bubbles in a cell culture flask on the RPM thus
appeared to be able to detach even “stickier” cells. RPM experiments usually are initiated
using completely filled cell culture flasks devoid of air bubbles using de-gassed culture
media. Therefore, it is challenging to determine when and where bubbles originate from
(Figure S1). They occur sporadically, even without cells, which indicates an incomplete de-
gassing of the medium and/or, e.g., temperature fluctuations during the filling of the flasks.
Furthermore, repeated biological or technical replicates (identical cells, flasks, medium,
treatment, and cell number) resulted in differing numbers and sizes of bubbles present at
the end of the RPM experiment. In various experiments, we found a correlation between
the formation of spheroids and the presence of bubbles in culture flasks. The size and
geometry of the culture vessel also played a role in RPM-induced spheroid formation. For
example, we have not observed air bubble movements and spheroid formation of adherent
cancer cells in channel slides. In a µ-well slide experiment, only one single bubble was
formed that moved around the interior edges of the cuboid chamber and did not disturb
the cells (Figure 5A).
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Figure 4. Effect of fluid flow on detachment of adherent FTC-133 cells. (A) Setup of the flow
experiment. (B) Flow schematics. (C) Confluency of cell cultures over 24 h (n = 3). (D) Snapshots
from the brightfield time-lapse recordings of one representative experiment with different flow
speeds. (E) Migration traces of single cells in the flow channel perfused with different flow rates. The
blue arrow indicates the direction of flow, and the position of cells (n > 40 cells for each condition)
after 24 h is indicated by black circles. The red cross (+) indicates the mean value (M) of spatial
cell migration (values are given below the plot). D: directness. (F) Cumulative migration distances
of cells over 24 h at different flow rates. Scale bars: 300 µm. * Independent sample t-test (C) or
Mann–Whitney (F) p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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Figure 5. Enhancing effect of air bubbles on detachment of adherent FTC-133 cells. (A) Spheroid
formation on the RPM depends on the culture flask geometry and the presence of air bubbles during
the experiment. (B) Air bubbles were able to counteract the inhibitory effect of dexamethasone on the
spheroid formation of FTC-133 cells on the RPM. (C) Setup of the bubble experiment. (D) Confluence
of cell cultures over 24 h (n = 3). (E) Snapshots from the time-lapse recordings of one represen-
tative experiment with a flow rate of 1 mL/min without and with 1 bubble/min. (F) Migration
traces of single cells in the flow channel. The blue arrow indicates the flow direction, and black
circles indicate the position of cells after 24 h (n > 40 cells for each condition). The red cross (+)
indicates the mean value (M) of spatial cell migration (values are given below the plot). D: directness.
(G) Cumulative migration distances of cells over 24 h at a 1 mL/min flow rate with and without air
bubbles. (H) Experiment time until initial cell detachment. Scale bars: 300 µm. * Independent sample
t-test (D) or Mann–Whitney (G,H) p ≤ 0.05, *** p ≤ 0.001, ns, not significant. Parts of the figure were
drawn by using pictures from Servier Medical Art.
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Consequently, we modified the channel experiment, and air bubbles were pumped into
the flowing medium at one bubble per second (bubble diameter: 5 mm; Figure 5C), using the
same flow rate as in the shear flow experiments (1 mL/min). The cells detached at an earlier
timepoint than without bubbles (Figure 5D,E; Video S2), suggesting bubble-enhanced cell
detachment due to enhanced mechanical forces above 25 mPa (confluency change with
bubbles: −92%, without bubbles: −38%). In addition, we observed significantly reduced
cell migration (20.7 µm vs. 44.3 µm) when bubbles were present (Figure 5F,G). This could
also be related to a faster detachment of the cells during migration (Figure 5H).

3.4. Flow Versus Random Positioning—Mechanobiology of Cell Detachment

After recognizing that fluid flow, as it occurs during the usual operation of the RPM in
cell culture flasks, leads to the enhanced migration and detachment of adherent FTC-133
cells, we directly compared the mechanobiological responses of cells to flow- and RPM-
induced shear forces (Figure 6). Because the number of cells in the channel slides decreased
rapidly (compare Figure 5), we chose an examination time point 4 h after the start of the
experiment. This also bypasses a possible adaptation of the cells that could be observed
within 3 days. Shear forces might act differently on the same cell type depending on the
culture vessel (T25 flasks and channel slides) and the corresponding possible exposure
to fluid motions (Figure 6A). Nevertheless, in both culture conditions, we observed an
increase in the F-actin density (Figure 6B) and altered localization (nuclear or cytoplasmic)
of certain mechanosensitive transcription factors. Whilst both experimental approaches
resulted in an altered nuclear protein content of RelA and p38 MAPK, the difference was
only statistically significant for cells on the RPM (Figure 6C–E). Specifically, a decrease in
nuclear p38 was observed on the RPM after 4 h, while an increase was observed in the
flow channel (Figure 6D). MRTF-A nuclear localization was slightly decreased in the flow
channel (Figure 6E). Subcellular localization of β-catenin remained unchanged. Conversely,
the amount of β-catenin in the RPM cells was significantly increased (Figure 6F). Whilst
there was no change in the nuclear levels of YAP1 on the RPM, YAP1 localization became
more cytoplasmic in the cells under both exposure to RPM and flow (Figure 6G).

To investigate the mechanosignaling pathways, we investigated the mRNA expression
of a panel of genes previously observed to be differentially expressed under simulated
microgravity conditions [18]. The expression of these target genes was similar on the
RPM and in the flow channel (Figure 6H). We found that IL6, CXCL8, and ANKRD1 were
upregulated in both RPM and flow conditions. We serum-starved T25 cell cultures for 4 h
before starting the RPM. This procedure better mimicked the lower nutrient availability
in the channel slides after the 24 h attachment phase and further approximated the gene
expression changes to those of the cells from the flow channel experiment (Figure 6H, light
grey bars). CCN2, ICAM1, SNAI1, FN1, and VCL showed similar regulatory behavior in
both experimental setups.

The direction of the fluid flow in the RPM culture and the channel slide differs and
changes continuously during random positioning. To test the effects of a discontinuous fluid
flow on the cells, we utilized an oscillatory fluid flow of 1 mL/min and a flow direction
change every 7.5 s (Figure 7A). Unlike a unidirectional flow, fewer cells detach when
exposed to an oscillating flow (Figure 7B). In addition, β-catenin was significantly reduced
in the nucleus after 4 h, whilst RelA, MRTF-A, and YAP1 were increasingly localized in the
nucleus (Figure 7C). Thus, MRTF-A and YAP1 show a similar behavior as in cells exposed
to the RPM, in contrast to β-catenin and RelA. qPCR confirmed that the SRF target gene
VCL was upregulated, and the Wnt/β-catenin target genes FN1, SNAI1, and VEGFA were
uniformly downregulated (Figure 7D).
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Figure 6. Transcription factor levels in random positioning compared to continuous flow. (A) Fluid
motions acting on cells within different cell culture vessels. (B) Actin density and immunofluorescence
of the mechanoresponsive transcription factors (C) RelA, (D) p38 MAPK, (E) MRTF-A, (F) β-catenin,
and (G) YAP1 after 4 h. Outlines of the nuclei are shown as dashed lines. The small graphs
indicate fold changes (FC) in nuclear protein levels compared to static cell cultures (n = 5 for each
condition; one representative picture is shown). (Right) The mean nuclear/cytoplasmic (N/C)
ratio of transcription factor localizations was measured for five overview images from independent
experiments, each showing at least three cells. (H) Gene expression response after 4 h exposure to
the RPM (60◦/s) and continuous flow (1 mL/min). The plots show the mean ± SD ∆∆Ct values of
3–5 independent experiments performed in triplicate. To mimic the channel slide’s low medium and
nutrient volume, the RPM experiment was performed once identically to the flow (“+”, dark gray
bars) experiment and once with a prior starvation phase (“−”, light gray bars). Scale bars: 300 µm.
The fluorescence images in this figure were optimized to visualize protein localization and unsuitable
for comparative protein level quantification. * Mann–Whitney (G) or independent sample t-test
(H) p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns non-significant vs. static control. Parts of the figure were
drawn using pictures from Servier Medical Art.
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Figure 7. Transcription factor effects in response to oscillatory flow compared with continuous flow.
(A) Setup for an oscillatory flow experiment (1 mL/min, direction change every 7.5 s). (B) Snapshots
of cells in the channel before the start of the experiment and after 24 h of oscillating flow show reduced
detachment of cells. (C) Nuclear transport of transcription factors after 4 h oscillatory flow (n = 5
for each condition; one representative picture is shown). (Below) Fold changes in nuclear protein
levels compared to unidirectional flow. The mean nuclear/cytoplasmic (N/C) ratio of transcription
factor localizations was measured for five overview images from independent experiments, each
showing at least three cells. (D) Gene expression response after 4 h exposure to the oscillatory flow
(Osc) compared to unidirectional flow (Uni) and to RPM culture (n = 3–5). Scale bars: 300 µm. The
fluorescence images in this figure were optimized to visualize protein localization and unsuitable
for comparative protein level quantification. * Mann–Whitney (C) or independent sample t-test
(D) p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns non-significant. Parts of the figure were drawn using
pictures from Biorender.com (accessed on 30 October 2023).

In summary, FTC-133 cells cultured on the RPM and those cultured in a flow channel
show similar behavior regarding actin condensation, the translocation of mechanorespon-

Biorender.com
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sive transcription factors, and the expression of the target genes of the mechanosignaling
pathways. An oscillatory flow showed greater similarity in the translocation of MRTF-A
and YAP1 and lower similarity in the translocation of β-catenin and RelA to the cells on
the RPM.

4. Discussion

Microgravity enables entirely new approaches to cell biology studies, including cancer
research on a cellular level (reviewed in [5,30,31]). It is well established among gravitational
researchers that it is impossible to simulate an exact microgravity environment in the
laboratory. Nevertheless, depending on the device and the cell system chosen, ground-
based facilities can produce results that closely resemble those of space experiments [32–34].
Therefore, simulated microgravity bioreactors may be a useful tool for space scientists.
However, devices like the RPM have been a biological “black box”, and most of the
molecular and cellular processes that lead to exciting discoveries remain uncharacterized.
In this study, we aimed to shed light on the cellular processes involved in cultivating
adherent cancer cells on the RPM and understand how and why tumor spheroids form
during culture in random positioning conditions.

4.1. Adherent Cells in Rotating Bioreactors

Investigation of gravitational biology is the most common reason for using rotating
bioreactors. This requires that cells perceive changes in the direction of the gravity vector.
While this property has already been proven for larger unicellular organisms (such as
Paramecium or Euglena) [35–37], there has not been a clear answer for smaller human cells.
Early calculations by Albrecht-Bühler suggest that the volume within a human cell is too
small for the cell to sense gravitational changes [10]. Albrecht-Bühler instead assumed that
the mass of the surrounding cell culture medium, which is also subject to gravity, triggers
an indirect gravitational perception by exerting external pressure on the cell.

Restructuring of the cytoskeleton is often suggested as an early response to changes in
the gravity vector [38]. Typical rearrangements of the cytoskeleton (reduced stress fibers,
the formation of lamellipodia, etc.) were also observed by Ju et al. in their comparative
study with different human cell types in response to simulated microgravity on a 3D
clinostat. However, they observed the same cytoskeletal changes in an inverted cell culture,
which they concluded must be a general response of mammalian cells to gravitational
changes [39]. These effects could also be explained by the large column of culture medium
above the cells in a standard orientated culture flask, which is not present in an inverted
flask. However, it should be noted that the liquid column itself causes a hydrostatic pressure
difference of 2.4 mbar in a 2.4 cm thick (p = ρ× a× h) completely filled T25 cell culture flask,
which is in the order of magnitude of daily air pressure fluctuations. A possible (and maybe
additive) influence of air pressure on cell culture observations should be investigated in a
further study. Nevertheless, these results could explain the relaxation of tension the cell
sensed, which may have induced the cytoskeletal changes observed. This could lead to
the assumption that human cells in in vitro culture might sense only the indirect effects of
gravity. In the meantime, however, other studies have appeared indicating that at least
some human cells might be able to perceive gravity directly. Luna et al. [40] exposed
human mesenchymal stem cells to different angular velocities on a clinostat and observed a
rounder, less spread morphology as a function of the rotation speed. This angular frequency
dependence suggested that the ability of a human cell to perceive the changing gravity
vector depends on the rate of perturbation [40]. It is important to note that a slide, not a
T25 culture flask, was used in this experiment to avoid the possible effects of shear forces
and movement of the cell culture medium.

Clinorotation is usually associated with lower shear forces, which should result in a
lower F-actin density in clinorotated cells compared with cells on the RPM. This was not
observed in our experiments (Figure 2H); however, our goal was to study RPM motion
and not to generate perfect clinorotation. One explanation for this discrepancy could be
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the use of adherent cells instead of suspension cells. In addition, the rotation axis of an
RPM operated in clinostat mode is much more offset compared with a slideflask/channel
slide clinostat, resulting in low centrifugal forces (about 0.01 g on the cell layer, assuming a
10 cm offset and a rotation speed of 60◦/s).

Even assuming that human cells are gravisensitive and can sense gravity directly, the
question remains as to which subcellular structures are responsible. Vorselen’s theory of
the cytoskeleton as one of the first gravity responders in non-specialized cells [41] is still
relevant, but is weakened by the fact that structural changes in the cytoskeleton happen in
response to any mechanical influence on the cell, even with indirect perception of gravity.
This is particularly evident as we observed changes in F-actin not only in response to the
spatial orientation of the cell culture but also in response to the fluid flow without changing
the gravitational vector (Figure 2). Also, the fact that MRTF-A and YAP1 are predominantly
nuclear-localized in the rotating and flow cell cultures suggests that RhoA-dependent active
actin remodeling occurred during fluid shear (Figures 2 and 6).

Zhang et al. [42] also compared different orientations of cell culture flasks for investi-
gating the effect of the gravity vector on the mechanical remodeling of adherent murine
MC3T3-E1 preosteoblast cells. Their results proposed a biomechanical model for inte-
grating the mechanosensation of nucleus displacement with cytoskeletal remodeling and
reorganization of the focal adhesion complex triggered by the gravity vector. If the me-
chanical stability of orientation-varied adherent cells could be explained, among other
things, by the sedimentation of cell nuclei, this finding would suggest that gravisensing
mechanisms in plant cells (sedimentation of statoliths) could also apply to mammalian cells
in a distinct way. These results could explain why adherent cells adapt to a new physical
culture condition after a period of time, which we saw in FTC-133 when comparing the
results after 4 and 72 h (Figure 1). While we detected a significant translocation of p38
into the cytoplasm in RPM-exposed cells after 4 h, this was no longer the case after 72 h
(Figure 2).

4.2. Flow Shear

Previous studies with thyroid cancer cells on the RPM show that the first spheroids
form between 12 and 24 h. Our experiments have shown that FTC-133 cells begin to detach
after about 12 h in a flow channel, which should have a similar fluid flow to a culture
flask on the RPM. This process would be consistent with the timings observed on the
RPM. We have also seen that the spheroid formation of FTC-133 cells depends on the RPM
rotational speed, which should be proportional to the expected shear forces. Interestingly,
by doubling the flow rate in the flow channel, we did not observe earlier detachment of the
cells. Only in the presence of air bubbles did the cells’ detachment occur from the beginning
of the experiment.

We operated the RPM at different speeds to determine how shear stress affects biologi-
cal experiments. After 8 h, the time-averaged gravity vector in all experimental setups was
around 0.01 g, implying a “microgravity” condition. However, what distinguishes each
setup from the others are the shear forces generated, which have already been calculated by
Wuest et al. [14] for cell culture flasks on the RPM. Since the spheroid formation depended
on the rotation speed, the microgravity simulation alone cannot be responsible for this
process. When placed in a T25 flask at an average speed of 60◦/s (commonly used in RPM
microgravity simulation experiments), an estimated 70% of adherent cells experience a
shear stress of at least 10 mPa. Further, 20% of the cells experience even higher rates of
25 mPa or more [14]. We mimicked these shear forces in a flow channel for ease of study
and obtained a similar gene signature response to RPM experiments of the same length
after 4 h.

Not all cells are exposed to the same shear forces on the RPM, which may have resulted
in the lower fold changes in gene expression in the RPM-exposed cells compared to the cells
from the flow channel. According to the simulations by Wuest et al. [14], only 20% of the
cell monolayer was exposed to forces of the same magnitude as in the channel slide. There
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were a few differences in the nuclear levels of the transcription factors p38, MRTF-A, and
β-catenin, suggesting that the mechanosignaling of cells on the RPM cannot be replicated
using a simple flow experiment. An oscillatory flow mimicked the changing shear stress
direction found on the RPM better than a unidirectional flow but could not explain the
difference. This further illustrates that the detachment of adherent cells, essential for
spheroid formation on the RPM, can be mimicked by the shear forces from fluid flows and
suggests that adherent cell layers on the RPM are subjected to higher mechanical stress
before spheroids form. This is also supported by the fact that genes overexpressed in the
adherent RPM cell population were upregulated in cancer cells exposed to shear stress
(Figure 6F). Recently, advances in the study of the effects of low shear stress on cancer cells
have been published [43–45]. Of particular interest for random positioning research are the
low shear stress rates of 10–25 mPa that are expected during normal RPM operation. The
physiological shear values of the lymphatic system (10–20 mPa), for example, can be found
in this range [43], which is of critical importance for experiments with metastatic cancer
cells or those isolated from lymphatic system metastases such as FTC-133. Work by Lee
et al. [44] showed that low shear stress can activate YAP-dependent motility programs in
metastatic cancer cell lines. In 2022, Kim et al. [45] showed that the cell motility in prostate
cancer cell lines depends on the Piezo1–Src–YAP axis at low shear stress.

Triggered by the fluid flow inside the flow channel, we observed that the cells detach,
migrate, and roll across the surface in the same direction as the media flow. At some point,
the cells rounded out, detached, and were carried away by the flow. This observation over
an extended period suggests that the increased detachment of the cells induced by flow is a
biological process. Cells can sense flow-induced shear stress depending on its intensity and
direction in a YAP-dependent manner that promotes cell motility [44]. We confirmed that
the shear forces also contribute to the increased proliferation in RPM cell cultures [46,47].
We observed that cell confluency increased more rapidly at a higher flow rate of 1 mL/min
compared with 0.5 mL/min until approximately 12 h after the start of the experiment.

Numerous research groups have reported alterations in gene and protein expression
related to focal adhesion components, including integrins, as well as changes in the activity
of focal adhesion kinase components, when employing rotating bioreactors to simulate
microgravity [41]. These changes may be attributable to the cellular motility within this
environment and can be more appropriately understood as a general cellular response to
low shear stress.

4.3. Air Bubbles

First of all, it must be said that most studies pay enough attention to remove air
bubbles in their experiments in order not to generate misleading results. It is therefore
unusual to introduce additional air bubbles into a culture vessel. The bubble experiment
(Figure 5) was primarily designed to investigate the effects of relatively large air bubbles
on the cells. Despite particular care during filling, air bubbles in culture flasks on the RPM
cannot be completely avoided, especially during longer experiments of ≥24 h. We have
investigated a number of possible causes for the occurrence of bubbles in RPM experiments
(compare Figure S1). However, it is most likely a combination of several effects. The
correlation between the occurrence of air bubbles and the formation of spheroids, which we
have seen in many RPM experiments, could be supported by the flow channel experiments
in this study (Figure 5). The movement of air bubbles over the cell layer resulted in the
rapid detachment of cells. This helps produce a larger amount of spheroids but results in
much greater mechanical stress on the adherent cell population. Air bubbles also cause
significant problems in microfluidic devices, and it is usually recommended to avoid
them [48]. Bubbles in motion can have different effects depending on their size. They can
interact directly with the cells and turbulent flow can be generated behind rising bubbles.
Bubbles’ effects on cell damage have been discussed for suspended cell populations. Cells
can become trapped in the circulating fluid behind a rising bubble (“bubble wake”) and
are thereby dragged along by the bubble. For small bubbles, these microeddies can be
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sufficiently intense to even create cell damage [49]. However, as soon as bubbles have
formed in a culture flask on the RPM, they immediately hit the flask wall due to buoyancy
and travel with rather high velocities along the wall with each revolution. These bubbles
create high velocity gradients, and thereby high shear forces, in the liquid film between the
bubble and cells [50].

4.4. Cell Density

Another interesting observation in our study was the influence of the cell pre-incubation
time on RPM-induced spheroid formation. A longer pre-cultivation prior to RPM start re-
sulted in a reduced formation to an absence of formation of 3D aggregates. It has previously
been described that overgrown cell cultures no longer form spheroids under microgravity
conditions [26]. In the case of a very dense cell culture, one possible explanation could be
that there is no lateral surface of attack for shear forces due to the lack of space between
the cells. Another explanation could be that cells detach during mitosis when they are less
attached to the substrate (rounding of the cell). At low density, cells continue to divide
and are at higher risk of detaching. At high density, the cells may go into a senescent state
and stop dividing. Thus, the risk of detachment is lower. The results of the inverted flask
experiments suggest that FTC-133 cells regularly detach from the surface, which would
not be noticeable in a normally positioned cell culture (Figure 2). In cancer cells, this prop-
erty can contribute to the formation of new metastases. However, further investigations
are required to determine whether prior cell migration, cell–cell or cell–matrix contact
formation, or mitosis is necessary for detachment (Figure 4). Our observations suggest
that this is the case, as the detached cells migrated in the flow channel before their final
detachment. The free space between the cells allows them to migrate according to the YAP
nuclear status (Figure 2). YAP signaling is involved in contact inhibition of cell proliferation
and growth [51] and allows the cell to maintain a motile environment by limiting the
maturation of focal adhesions and restricting cytoskeletal tension [52]. Once a cell culture
reaches confluence, YAP localization is completely cytoplasmic, and cells cease motility
and possibly subsequent detachment in an RPM cell culture.

4.5. Spheroid Formation on the RPM

Our experiments indicated that the spheroid formation of adherent cells on the RPM
is likely to be a two-step process (Figure 8A). In the first step, the cells are detached from
their monolayer. Responsible for this are mainly fluid shear and the mechanical forces of
migrating air bubbles during random positioning. Our fluid channel experiment mimicked
fluid flow at a comparable scale to the RPM regular operation [14] and induced similar
translocation of mechanosensitive transcription factors and a comparable signature of
activated mechanoresponsive genes in FTC-133 cells. After detachment, the cells on the
RPM are suspended in free-fall due to the appropriate rotational speed, preventing their
sedimentation and two-dimensional outgrowth. In this phase, the cells aggregate into
three-dimensional aggregates. The work of Melnik et al. [18] has shown that FTC-133
cells, when used as a suspension on the RPM, also form spheroids. Therefore, starting an
RPM experiment with a layer of adherent cells is not essential for generating and studying
spheroids. In other devices for microgravity research, such as the ClinoStar (CelVivo,
Denmark) or the rotating wall vessel bioreactor (Synthecon, TX, USA), cells are also seeded
in suspension before floating spheroids develop under rotation. However, using adherent
cells in an RPM experiment allows for additional studies. For example, not all cells detach
equally due to random positioning. A balance of adhesion and anti-adhesion proteins
was discussed as responsible for this behavior [18]. In addition, metastatic cancer cells
tolerate the suspension phase better due to the anoikis (cell death due to loss of cell–
matrix contact) resistance they usually develop during the metastasis formation multistep
process [53], as a prolonged culture phase before the start of random positioning inhibited
the detachment of FTC-133 cells (Figure 3). After a two-day pre-attachment phase, the
only conditions that obtained spheroids were higher angular velocities, which were only
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able to induce the formation of a single small spheroid (ca. 110 µm) (Figure 3). The
cells exhibited no transcriptional response to RPM treatment until higher velocities were
applied. However, whether this inertia was related to increased “stickiness” due to a
plentiful secreted extracellular matrix, to a higher level of adhesion proteins, or simply
to the physical protection against flow shear caused by being embedded into a cell layer
cannot be deduced from our data.

Figure 8. (A) Illustration of the hypothesized processes occurring with adherent cells in an initially
air-bubble-free cell culture flask on the RPM, finally leading to spheroid formation. We observed
that RPM-induced spheroid formation is a two-step process. First, the adherent cells detach due to
mechanical stress (e.g., fluid flow, air bubbles). Then, “simulated microgravity” (free-fall) leads to the
formation of three-dimensional spheroids by preventing the sedimentation of suspended cells. The
small picture indicates the amplifying mechanical effect of air bubbles. (B) The two cell populations
(adherent cell layer and suspension cells) of an RPM cell culture of adherent cells are subjected to
different mechanical forces. While the suspension cells are held in a mostly stress-free suspension,
the cell layer experiences shear forces similar to those in the human lymphatic system. Parts of the
figure were drawn by using pictures from Biorender.com and from Servier Medical Art.

4.6. Implications for Future Experiments in Gravitational Biology
4.6.1. “Simulated Microgravity”

The RPM continues to be a suitable bioreactor to simulate microgravity effects for
some cell model systems on Earth. To achieve optimal results in cell culture experiments, it
is vital to have a thorough understanding of the internal dynamics of random positioning.
Attention to these dynamics ensures that experiments are well planned and yield accurate
and reliable results. For a suspended object, the RPM can simulate free-fall, the main
effect experienced by astronauts and organisms on the ISS or during parabolic flights. An
adherent cell population on the RPM is subject to shear forces that detach the cells after
some time, leaving them to float free in the culture medium. Without sedimentation, if they
can resist anoikis, they may aggregate and form spheroids.

Biorender.com
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It must be considered that the adherent cell layer and the suspension cells are exposed
to very different mechanical forces, especially when air bubbles are present. Meaningful
results will only be achieved with careful design of RPM-based experiments. The cellular
effect triggered by fluid motion can be several orders of magnitude higher than the effect
triggered by gravity alteration. Thus, it is not necessary to design a gravity-focused RPM
experiment with a prior adhesion period leading to a two-dimensional cell layer. Instead,
initiation with suspension cultures could prove a possible alternative. In 2022, Masini
et al. [54] successfully performed a long-term experiment with suspended cancer cells on
the RPM. They found that under the influence of the RPM, the behavior and metabolism of
tumor cells led to the acquisition of an aggressive and metastatic stem cell-like phenotype.

The size and geometry of the cell culture vessel also play a role, as they directly
influence the turbulence of the medium generated during random positioning. In the
current study, we also observed this effect when using different culture flasks for the
FTC-133 cells. In large flasks, the medium has a higher rotational energy. In small channel
slides, the adhesive forces dominate, and the medium has hardly any chance to reach its
full speed. Lower shear stress in the slide flasks or channel slides resulted in fewer or
no spheroids, respectively, even though the RPM program or random speed and random
direction velocities used were the same.

4.6.2. Real Microgravity

Spheroid formation of adherently growing human cells was also observed in several
space experiments. In the ISS experiments SimBox [1], SPHEROIDS [2], and CellBox-2 [3],
the formation of 3D aggregates in real microgravity has been reported. Since the detachment
of cells has not yet been observed in microgravity, it cannot be completely ruled out that
cells detach from their substrate during the microgravity phase. Nevertheless, it is possible
that the appearance of these spheroids was triggered by a specific orientation of the flight
hardware (e.g., by flipping) in combination with the formation of air bubbles (compare
Figure S1). In our study, we were able to show that an upside-down-orientated cell culture
flask with air bubbles led to the formation of spheroids after some time (Figure 2). Since
it is unknown and not determinable in which orientation the flight hardware was stored
between the handover and the rocket launch, a similar effect in the CellBox-2 experiment
cannot be excluded. Accordingly, spheroids could have formed even before arrival on the
ISS, e.g., due to accelerations or vibrations during the launch phase. FTC-133 cells were
also used in the space experiment, and numerous air bubbles could be seen in the culture
chamber at the end of the experiment (Figure S1B). Live cell observation during space
experiments would help to determine when spheroids are formed during spaceflights. In
future experiments on spheroid formation in real microgravity, special care must be taken
to avoid air bubbles, e.g., using a bubble trap in the loop system or specific culture flask
geometries that minimize the described bubble effect (e.g., channel or chamber slides).

4.6.3. Cell Models

While individual suspension cells are directly exposed to direct or indirect gravi-
tational effects on the RPM, this is not necessarily true for cells inside cell clusters or
multicellular organisms. While the cells of multicellular plants with statoliths still have
intracellular perception mechanisms for gravity [55], mammalian cells have established
perception of external structures exposed to gravity (e.g., otoliths). The cells used for the
gravitational perception of environmental stimuli are mostly located on the internal or
external surfaces of the organism, sometimes combined into sensory tissues or organs. The
task of perceiving gravity is delegated to a higher organizational level (organ or system).
Cells embedded into mostly non-gravity-sensitive tissue are likely to respond only to the
mechanical deformation of the surrounding tissue but not to changes in the gravity vector.
This may also be true for position-fixed adherent cells in a monolayer on the RPM. In 2022,
ElGindi et al. [56] provided evidence of the more influential role of the local microenviron-
ment in comparison to the general gravity vector. Their experiments showed that a 3D
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microenvironment attenuated the changes in the transcriptome of T cells mediated by the
RPM. The research group also exposed dendritic cells to the RPM in two different types
of extracellular matrices (loose and stiff) [57]. The effects of random positioning at the
transcriptome level were smaller when the cells were cultured in the denser matrix. Both
studies indicate the major influence of the microenvironment on mammalian cell biology.
This is also supported by the different effects at the transcriptional and protein levels found
in numerous comparative analyses of the two cell populations (adherent cells, AD, and
multicellular spheroids, MCS) in RPM experiments with human cells [8,19,46,58]; although
both populations are by definition subjected to “simulated microgravity”, the adherent
cell layer is more exposed to mechanical fluid flow, whereas the spheroid cells float in a
suspension with lower shear and are also primarily embedded into a protective stable
tissue aggregate. Here, the cell microenvironment probably has a greater influence than
the constantly changing gravitational vector and can influence cell signaling, proliferation,
and apoptosis [59–61]. One possible approach to answering this ambiguous question is
the planned project by Larose and colleagues to study spheroids and organoids under real
microgravity conditions. This will open up the possibility of testing the extent to which
microgravity affects the three-dimensional constructs of cancer cells [62].

Albrecht-Bühler [10] once commented that the microgravity simulation requires more
than averaging the gravity vector in clinorotation. In addition, Einstein [63] stated that:
“The gravitational field has only a relative existence in a way similar to the electric field
generated by magnetoelectric induction. Because for an observer falling freely from the roof
of a house there exists—at least in his immediate surroundings—no gravitational field”.
After more than 100 years, we can confirm this at least for human cells. While probably only
isolated cells free-falling in vacuum could experience microgravity directly (a theoretical
consideration), the indirect effects of altered gravity are perceived and processed differently
by cells, depending on their type, origin, and cell culture conditions, and the characteristics
of the “microgravity simulator” used. Conversely, this also means that a free-fall simulator
is not always required to mimic the cellular effects of exposure to microgravity. A cell
type-specific combination of mechanical stimuli could be sufficient.

4.7. Study Limitations

It should be noted that we have a heterogeneous cell population on the RPM (because
not all cells are subjected to the same shear forces). Since we saw that not all cells detached
simultaneously during flow exposure, we can hypothesize that cells may regulate some
molecular factors before detaching from the surface. Unfortunately, we could only perform
endpoint analyses from the localization of transcription factors and gene expression. Live
cell observation of the cells on the RPM would provide more accurate information on
spontaneous and/or short-term changes and adaptations. Some researchers suspect that
the vibrations inside an incubator prevent/slow cell attachment to plastic flask surfaces.
In the current study, we did not investigate the influence of vibrations, but started the
experiments after a preceding 24(-48) h attachment phase of the cells.

5. Conclusions

Spheroid formation of adherently growing cells on the RPM is a two-step process. It
requires detachment of the cells, caused mainly by fluid flow (triggered by the rotation
of the cell culture flask), and air bubbles can enhance it. Once the cells are in suspension,
random positioning prevents sedimentation, and 3D aggregate formation occurs.

The detachment itself seems to depend on the balance between the cell-specific ad-
hesion forces (depending on the cell density, amount of matrix, and adhesion proteins)
and the physical shear forces of the cell culture (flow rate, bubbles, surface conditions
of the cell culture flask). In the current study, a fluid flow experiment mimicked several
RPM-induced effects in adherent FTC-133 cells. During regular operation of the RPM, shear
forces act in a range similar to that of the human lymphatic system. Thus, the RPM serves
as a free-fall simulator for (detached) suspension cells in gravitational research, but it also
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simulates the shear forces of the human organism on the adherent cell layer, providing a
unique combination of study conditions for cancer research (Figure 8B). To ensure that,
experiments with the RPM must be well planned and the results interpreted accordingly.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cells12222665/s1: Figure S1: Occurrence of air bubbles under
different cell culture conditions and handling of cell culture flasks; Table S1: Antibodies used for
immunofluorescence analyses; Table S2: Primer sequences for quantitative real-time PCR; Video
S1: 24 h time-lapse video of FTC-133 cells exposed to a fluid flow of 1 mL/min inside a channel
slide; Video S2: 24 h time-lapse video of FTC-133 cells exposed to a fluid flow of 1 mL/min with
1 bubble/min inside a channel slide.
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